Numerical and Experimental | nvestigation ofthe Centrifugal
Solar Particle Receiver

Numerische undExperimentelle Untersuchung eines
Z entrifugalen Solarpartikel receivers

Der Fakultat fir Maschinenwesen der Rheinigéstfalischen Technischen
Hochghule Aachen vorgelegte Dissertation zur Erlangung des akademischen Grades
eines Doktors der Ingenieurwissenschaften

von

Serdar Hicdurmaz






ABSTRACT

Particle solar receivers promise economical and operational advantagearembnp
molten salt based solar receivélree Centrifugal Solar Particle Receiv@entRec)s apromising
design because it allows active control on particle residence time and particle outlet temperature.
Particles moving as a thin film in an inclineatating drum under centrifugal amggavity forces
are heated by concentrated sunlight. In the present work, the main objectivedévelmp a
numericathermal model andvaluatehe thermal performance of the CentRec. To do so, particles
are modeled asigtrete phase instead of continuum to better reflect the particle interactions, and
resulting effect of these interactionse.g. mixing,on the thermal performanc&he Discrete
Element Method (DEM) tool LIGGGHTS is used to simulate the particle mofios.developed
simulation model is validated witset of experiments conductédscaling approach is developed
to scaledown the particle film characteristics in CentRec because of huge computational power
requirement of largscale receiverg\n opticalsystem consisting afiffuselamps,GoPro cameras
etc. is developed to record the particle motion in CentRec. A tracer recognition and tracking
algorithm is developed to detect the particl
combinatiors of paricle mass flow rate and receiver rotation speedeparate thermal model is
developed in MATLAB, which uses the particle positions calculated with the DEM simulation.
heat transfer mechanisms being effective in CentRec are developed, validated esdieehtdhe
main thermal code. A novel radiation penetration model and a novel reflection model are developed
to distribute the solar irradiatido the individual particles. Moreover, lomgnge and shorange
thermal radiation models atensideredearately to calculate the emissive heat exchange between
large surfaces and between individual particle pairs, respectively. All radiation models are based
on some approximations to reduce the computational burden significantly. Besides, a particle scale
conduction model from literature is modified for the current application. Supplementary sub
models namely convection and conduction loss models, are also developed and integifaged to
thermal model. The complete thermal model is applied to several Cesi#fgecto measure the
thermal performanceé considerable effect of the particle mass flow rate on the receiver thermal
efficiency is found. Convection losgsthe main thermal loss mechanism for the considered receiver
sizes. The thermal losses are quatdifor various combinations of operational parameters and
receiver size The findings are to be uséat further scalingup the CentRec technology.

Keywords  Particle receivers discrete element method, concentrating solar power,
centrifugal solar article receiver



ZUSAMMENFASSUNG

PartiketSolareceiver versprechen wirtschaftliche und betriebliche Vorteile im Vergleich
zu Solareceivern auf der Basis véitissigalz. Der ZentrifugalPartikeleceiver (CentRec) ist ein
vielversprechendes Konzepta der eine aktive Steuerung der Partikelverweilzeit und der
Partikelaustrittstemperatur ermdglicht. Die Partikel bewegen sich als dinner Film in einer
geneigten, rotierenden Trommel unter Zentrifugald Gravitationskraften und werden durch
konzentriertesSonnenlicht erhitzt. Das Hauptziel der vorliegenden Arbeit besteht darin, ein
numerischeshermisches Receiverodell zu entwickeln und die thermische Leistung des CentRec
zu bewerten. Zu diesem Zweck werden die Partikel als diskrete Phase statt als utontinu
modelliert, um die Partikelinteraktionen und die daraus resultierenden Auswirkungen dieser
Interaktionen, z. B. die Vermischung, auf die thermische Leistung besser zu berticksichtigen. Fir
die Simulation der Partikelbewegung wird die DiskietementeMethode (DEM) mit dem
SoftwarePaketLIGGGHTS verwendet. Das entwickelte Simulationsmodell wird mit einer Reihe
von durchgefuhrten Experimenten validiert. Es wird ein Skalierungsansatz entwickelt, um die
Eigenschaften des Partikelfiims in CentRec zwalgemeinern, da gro3e Receiver eine enorme
Rechenleistung bendtigemiirden Ein optisches System bestehend aus Lampen, Kameras usw.
wird entwickelt, um die Partikelbewegunm CentRec aufzuzeichnen. Es wird ein Algorithmus
zur Erkennung und Verfolgung von TexdPartikeh entwickelt, um die Geschwindigkeit der
Partikel und die Filmdicke fur verschiedene Kombinationen von Partikelmassenstrom und
Receierdrehzahl zu ermitteln. Ein separates thermisches Modell wird in MATLAB entwickelt,
das die mit der DEMsimulaion berechneten Partikelpositionen verwendet. Alle
Warmelubertragungsiechanismen, die in CentRec wirksam sind, werdedelliert validiert und
in den thermischen Hauptcode eingebettet. Ein neuartiges Strahlungsdurchdringungsmodell und
ein neuartiges Refidonsmodell werden entwickelt, um die Sonneneinstrahlung auf die einzelnen
Partikel zu verteilen. Darlber hinaus werden thermische BathNahbereichsstrahlungsmodelle
getrennt betrachtet, um dé&trahlungaustausch zwischen grof3en Oberflachen bzw. heisc
einzelnen Partikelpaaren zu berechnen. Alle Strahlungsmodelle beruhen auf Naherungen, um den
Rechenaufwand erheblich zu verringern. AuBerdem wird ein aus der Literatur stammendes
PartiketWarmekitungsmodell fir die aktuelle Anwendung modifiziert. Egnde
Untermodelle, namlich Konvektionsind Leitungsverlustmodelle, werden ebenfalls entwickelt
und in das thermische Modell integriert. Das vollstandige thermische Modell wird auf verschiedene
CentReeGrofRen angewandt, um die thermische Leistungeaimmen. Es wurde ein erheblicher
Einfluss des Partikelmassenstroms auf den thermischen Wirkungsgre@éaages festgestellt.
Konvektionsverluste sind der Hauptmechanismus fir thermische Verluste bei den betrachteten
Receivegro3en. Die thermischen Vertes werden fir verschiedene Kombinationen von
Betriebsparametern und Receivergrof3en quantifiziert. Die Ergebnisse sollen fur die weitere
Skalierung der CentRetechnologie genutzt werden.



Stichworte: Partikelreceiver, Diskret&lementeMethode, konzenterende
Solarenergie, zentrifugaler solarer Partikelreceiver
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1. INTRODUCTION
1.1 Background and Motivation

Solarenergytechnologiesare considered to play an important roléhieenergy transition
from carborbasedeconomy to net zero target by 208(Q. Althoughtheut i | i zati on of
power hadalreadybeenresearchetbackin the 1970s during the petrol crisis around the globe, the
real potential behind the solar energy btsted tdbe discovered since 200a#er the alarming
climate change obligesocieties to abandon carbbased fuelsThe major solar technologies can
be categorized into two main groups: solar photovoltaics (PV) and solar thermal systems. While
solar PV directly converts both diffuse and direct solar irradiation dmectcurrent (DC)
electricity, solar thermal collectors requiteetirect solar irradiation to heatheat transfefluid
(HTF). In solar thermal systems, concentrating the solar irradiation by the help of a mirror
configuration to a focal line a focalpoint canfurtherincrease the temperature of tH&F such
that the obtained solar heatuslizable in the generation of solar thermal electricity (STE) or
industrial solar process heat (SHIP). Despite the extensive usageammntrated solar thermal
collectorssuch as flat plate collectomostly for domestitiot water inlast decadesnanyutili ty-
scale concentrating solar power plants (CSRel@éso been commissionedspecially in Spain
andthe USA after 2005[2]. However, due tdhe significant rduction in the price of sold?PV
modulesin the last decadéhe investments shifted to PV after 2010s, and the worldwide installed
PV capacity exceeds 840 G¥¢ of 2021 while only 6.3 GMZSP forpowergeneration has been
installed[3, 4]. NeverthelessCSP systems do not only generate electricity butadaprovide hot
steam or air in a wide range of temperagidrem 80°C to more thaB0C°C, to be used in many
industrialapplications likdood, agriculture, mining, textile, paper €fs, 6]. Moreover, the value
of CSP increases with the fact that energy can be stwednsible and latent hest a much
cheaper way tham electrochemical batteries like lithiuron batteres. Coupling the thermal
energy storage (TES) to concentrating solar thermal collectors, CSP systems can provide
dispatchable electricity or processat around the clockloreover,CSP systems caalsoprovide
daily, weekly or even seasonal energy storage in some extremd ¢d€sCSP plants can be
divided into two main grougin terms of the technology: hé-focus and poinfocus systems. Line
focus systems track the sun arsingleaxis and concentrate the sunligirito a tube where a
working fluid passs through. Common examples are Fresnel and Parabolic Through type
collectos. However, the concentratigatios are not so high, amigh ttmperaturegisescannot be
achieved with this technologevertheless, line focus systems are very useful for applications
requiring temperaturegp to 400°C, potentially up to 550°C in the futufdeoretically, for an
efficientpowergeneration, the peak temperature in a thermodynamic cycle like Brayton or Rankine
cycle should be as high as possible. This can be achieved by increasing the concentration ratio in
CSP plants. For this reason, tawis tracking systems autilized, and sunlight is concentrated to
a focalpoint. Thecommon example of poifibcus systems atewer typesystemsin tower type
CSPR, manymirror unitsdistributed over a largandarea track the sun during daytime and reflect
the sunlightonto the top of a tower where Beat transferfluid flows. Thanks to very high
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concentration ratios (~1000), the fluid temperature can reach to elevated tempef&t08€ to
1000°C. Many CSkowerplants hae been commissioned since 202, and they mostlgmploy
nitratebased molten salt &®at transfefluid. Although molten salbased solar towers have been
stateof-the-art design in commercial scale, they have seveealllacks like low maximum HTF
temperature (~560 °C) and high component.cbBus, a newheat transfefluid is proposed for
high temperature CSP applicatiddd, 12] In this typeof systemgeferredas partiok receives,
sandlike granular particles with diametdrom several hundred micron several millimetesare
utilized as heat absorbing mediuRarticle solar receivers promise higher thermal efficiency and
lower operational and component cost compéwedolten saHbased solar receivers in solar tower
applicationd13, 14] Thecandidate granular matesaduch as sintered bauxigenon-toxic, inert,
abundant and resistatat high temperatureShe heated particles are stored in large storage bins,
thus should have high storage density. Severaicfereceiver designsave beerengineered in
recent years to maximize the thermal efficiency while minimizing the cost and operational risks.

1.2 Solar Particle Receiver Concepts

Solid particleshave beerconsidered as heat absorbing mediuntoiwer type reeivers
sincethe 1980s[11]. Various designs to maximize the receiver thermal efficiency and minimize
the cos have been proposed for several dec§tied.8]. Each design has pros and cons in terms
of flow control, maintenance, design complexity etc. The classification of the designs can be made
based on if the particleme directly or indirectly irradiated. indirectly irradiated solar particle
receiversthe solar irradiation first heats up the tubes or walls in whicpahelespass through,
then the heat is transferredtbe particles However indirectly irradated receivers suffer from low
wall to particleheat transfer coefficients. Directly irradiated solar particle receivers can overcome
this problem because particles generally move in enclosed cavities with an aperture facing the
heliostat field so that #éhsolar irradiation can directly heat up the moving particles. However, a
potential problem with the directly irradiation particle receivers is the high free/forced convection
loss and flow stability in case of wind'here are also concepts where partides directly
irradiated and not susceptible to wind thanks to transparent[ii@jdsut the high thermal stresses
on the transparent tubes is a potential probldme.proposed solar particle receiver conceptse
literaturearesummarizedn severakeviewstudieg13, 20, 21] Thus for the sake of brevity, only
receiver designs reachirgcertain level ofechnology Readiness Levd@lRL) are mentioned in
this part.

A freely falling particle curtain in an openwty was first proposedby Hruby et al[12].
Particles released from top of the receiver form a curtain shape while being irradiated by the
concentrated sunlighés depicted ifrigurel-1(a). Prior onsun tests show relatively low thermal
efficiency(~50%) for a temperature rise of 20@50 °C[22]. Some modifications in the design
like active air flow control, reduced cavity sjzaperture coversmass flow rate and outlet
temperature controls are applied to biasicdesign to reduce thermal and particle log3&s 23]
Moreover, a multistage concejgst also investigated to increase the particle residence time and
curtain opacityf24, 25] The latest orsun testing reults show that the receiver thermal efficiency
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canreach601 90% for aflow rate of 2- 7 kg/s and mean flux up to 700 kW#[26]. The addressed
main challenges are maynthe dust formation, baekall heating in spite of increased curtain
opacity, wear and erosion in materials and thermal expansion of mechanical comfdijents

Anot her proposed dilensp agrnt iicsl einnhieiestphpartcieuoc t e d
retentiontimeand particl es 6 do wjusted with the ehévoor fygeoyousc an b €
obstacles as shown inFigure 1-1(b). Moreover,an opaquerparticle curtain, whichreduces
backwall heatingcan be obtainedlhe preliminary orsun tests conducted in 2015 résdin a
thermal efficiencyof around63% for an average solar flux of 200 kWinwith a temperature
increaseof around 50 °C/nfi27]. Further testsvereconducted in 2017 with an average fluxX280D
i 280 kW/nt by using cheaper natural red sand. Thesom tests yieled a thermal efficiency of
607 70% andatemperature increase of 130°C in 1.228]. The main problem in this concept is
that thetip of theporous chevrons are exposedhesolar flux directly andave enduringontact
to irradiated hot parties, thus deformations occdue to material softening and particle sintering

[29]. In order to optimize¢he particle retention time and downward velocity, the shape and spacing
of chevrons are optimizg@0].

Upward Rarticle Flow
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Figure 1-1 lllustration of several particle receiver concefatsfree falling particle receiveb) obstructed flow
particle receivefc) particle-suspensiofin-a-tubereceiver

An alternative design is a fluidized flow in narrow tubes such that irradiated walls transfer
the heat to a dense suspension of fine pagi@t 100 microns), and the external air flow like wind
has no effect on particle motion, as depicteéigurel-1(c). This indirect particle receiver concept
is first proposed by Flamant et §1]. Contrary to circulating fluidized beds, a dense particle
suspension in narrow tubes moves in upward direction with relatively high solid volume fraction
(0.261 0.34) and low fluidizing air superficial velocity. An average wall to suspension heat transfer
coefficient of 400 kW/rfK is achieved by applying flux densities of 20@50 kW/nt [31]. The
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on-sun tests have shown that thermal efficiency of the system can be increased to around 70% with
a temperature increase of 1i6205 °C[32]. However, due to uneven flux distribution on the tube
arrangement, thermal deformation occurs on tube surfaces. The maximum solar flux (=560 kW/m

is limited by the temperate that the tube withstands during the real operd88h The other
downsides of the design are mainly corrosion, parasitic loss due to air compressors, design
complexity and fluidization problems due to reniform solar flux distributioi33, 34]

A rotating particle receiver concept is also another approach where particle bulk is used as
HTF in a rotating drum. In this desigmanticles are fed into an inclined rotating drum like rotary
kiln while being exposed to the concentrated sunlight through the aperture. The solar rotary kilns
were proposed for waste treatm@3f] and calcination processg&6, 37] Thanks to continuous
particle mixing in rotary kilns, higthermal efficiencycan be obtained but the dust formation is
the main problem in such desidgid8]. Wu [17] proposed a new desigreferred to as centrifugal
solar particle receiver (CentRe@)here particles are moving in centrifuging regime with much
higher rotational speeds compared to ongékeslipping and the cascading regimes at which rotary
kilns and dryers operateespectively[39, 40] The new design is explained in detail in the
following subchapter.

1.2.1 Centrifugal Solar Particle Receiver Concept

The Centrifugal SolarParticle Receiver, is a direct absorption receiver using ceramic
particles as HTFThe CentRec is a promising design compared to other particle receiver concepts
because it allows for an active adjustment of particle residence time and thus particle film
conditions by adjusting the rotational speed of the dinarthis receiver type, theecamic particles
which are accelerated centrifugally and gravitationadlgscend througlhe inclined rotating
receiverwhile being directly exposed to the solaradiationthrough the aperturelhe direct
heating and adjustable residence time allowgelatemperature increase between inlet and outlet.
Wu [17] demonstrated that an opaque partidta flowing on the receiver wall can be obtained
for variouscombinatiors of thereceiver (drumjotational speed arttie particle mass flow rate by
employing a proebf-concept scale receiver with 17 cm cavity diamdter.8 g/s being very low
mass flav rate for CentRec and 670 ki of mean heat flux at the aperture, thermal efficiencies
up to 75% are achievad a solar simulatorEbertet al.[41] scaled up the design tel.5 mof
cavity diametemand tested the stability of the particle fillimsbeck et al[42] carried out firs
tests with infrared heateand proved scalability of the concepiue to some technical problems
in the infrared heater, particle temperatures up to 700°C could be achknadly, the CentRec
has been demonstrated to reach 965 °C of particle ¢demthgierature at the Juelich Solar Tower
[43, 44] Figurel-2(a) shows an experiment scale CentRec with a tilt angle of 45igimel-2(b),
the particle film obtained during the operation is shown.



() (b)

Figure 1-2 (a) Centrifugalsolar particlereceiver(b) particlefilm descendindghroughrotatingreceiverwall.

Particles e introduced at the top end of the spinning CentRec cavity, forming a thin
particle film on the inside wall due to centrifugal effects. Centrifugal, gravity and pastatle
friction force are the three main external forces acting on the particle éilamnil on the receiver
wall. In an inclined receiver, gravity force has three components accorditing tylindrical
coordinate system shown Figurel-3. The first component {gsin(U
direction. The second one ( gc o spoitfiggsitheriowand) i s 1

or outward the cylinder dependingtec i r cumf er ence angle (Y). The
istangenttd he recei ver wal | , indinateraad gtaviationatlacogleratione r e c e
respectivelyThe magnitude of #asecomnl and tlrd components of thgravity force changes with

the particlesd tangenti al p 0 s dzdg iparticle dovemenh g t h

relative to the receiver, i.e. particles a8ghtly move inthe tangential direction relative to the

receiverin the moving zone. The centrifugal forcepoints always outward the cylinder. The

superposition of the centrifugal force and th

the net force on the particle film, in the direction normath®receiver wall. The particle wall

friction coefficient timeghis superposition force gives the net friction force between particle film

and wall, which irientedin axial (z) direction. Dependent on circumference angle, this friction

force either counterbal ance t he dedparictesbeimgmp on e

stationary relative tahe receiver (stationary zone at lower part of the circumferendeégare

1-3(b)), orislessthah he f i r st ¢ o mp o n soithat particlesgnmoe niakigg) ( gsi n

direction (moving zone at upper part of circumferenceFigure 1-3(b)). Simulations and

experi ments have shown this | eads to an upper
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direction, and alowe fAst ati onary zoneo where parThe cl es
existence and size of stationary and moving zones are strong functions of rotationgdaspietsl

wall friction coefficientand receiver tilt angld his formulation issalid for a single particle moving

on the receiver but in reality, there algointerparticle friction forces acting on particleshich
increases the complexity.

Particle Inlet _ Inlet Distributor
Centrifugal force

\\ / Receiver Wall and
y Insulation

Rotation Axis

)

Collector Ring and
Aperture Plane

(@) (b)

Figure 1-3 (a) Schematic view of the centrifugal receiv@) representation of the components of gravity

The relative motion of particles within the particle film is mainly dominateidteyparticle
friction forces and the particigarticle rolling resistance, which aegus for the resistance of a
single particle to roll over a surface duestveral mechanissiike its nonspherical naturand
friction on theparticleto-particlecontact arealn the moving zone, the particles move, not only in
the axial direction, but also relative to r@igring particles and they eventually mix in all
directions (radial, tangential and axial) due to sliding and rolling over neighboring particles. This
mixing effect, especially in radial direction, enhances the effective thermal conductivity of the
movingparticle film due to heat transfer resulting from mass transport, and eventually reduces the
risk of high temperature gradients in radial direction. The axial velocity profile of the particle film
in the radial direction is also an important optimizati@ngmeter because it directly affects the
particlesd average residence time in the recei

1.3 Research Questioeand Thesis Overview

To date, only simplistic thermal models assuming that particles have only prescribed
uniform axial velocity are utilizetbr CentRecHowever, these models neglect the particle mixing
effect being crucial for the viability of the technology. For the case that no mixing occurs in the
radial direction, there would be very large temperature gradients in radial direction fqetticle
films due to low thermal conductivity of the filfihis would significantly increase the radiation
and convection loss, and eventually reduce the thermal efficiency. Moreover, available models also
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donot take the particle scale heat transfer agoount instead use eonstanthermal conductivity.
However, the particle packing is continuously changing during the particle movement, correlations
derived for static beds cannot be applied directly. For these reasons, several research
points/directims are addressed in this study

1. Adiscrete particle model accounting all particle interactions is to be developed to model
the motion of each particle in the simulation. By means of this model, the particle
behavior under various forces resulting from ajiag operational parameters can be
simulated.

2. An experimental apparatus is to be designed to measure the flow characteristics of the
particle bulk. A novel image processing algorithm is to be developed tpmuasss
the generated raw data. The resulestarbe used in the validation of further simulation
models.

3. There is no available tool, commercial or open source, to model thermal behavior of the
CentRec in a feasible computational time. The mobeisg available in DEM codes
lack of model details, ahsome suimodels like conduction are very primitive to cover
all physical details. The thermal code should not only represent the reality but also be
computationally efficient to simulate a milligrarticlethermalsimulation.

4. A new ray penetration modalong with emission and reflection models @entRec
applicationis to be developed to avoid costly ray tracing tools. The new model should
be independent of particle number and compatible with DEM simulations.

To address the abovementioned research ignssthe thesis is structured as follows.

In Chapter 1, background information about CSP system and motivation is discussed. The
particle receiver concepts along with CentRec designs are explained.

In Chapter 2, the Bcrete Element Method @M) model dedils are discussed and how it
can be applied to current CentRec technology is explained.

In Chapter 3, the developed experimental apparatus and experiment results are discussed.
The effect of the operational parameters on the particle motion is alscegkveal

In Chapter 4, the developed DEM model results are compared with the experiment results.
The theory used for séafj down the particle motion in CentRexdiscussed and validated.

In Chapter 5, a novel thermal model being compatible with DEM is deseld=ach sub
heat transfer model is explained and validated. The thermal loss models are also developed and
applied to CentRec simulations.

In Chapter 6, the developed thermal model is applied to CentRec DEM simulations. A
parametric study investigatinige effect of operational parameters on CentRec thermal behavior is
discussed. The effect of the receiver size along with the strategies to thermally soalecgiver
is discussed. A sensitivity analysis for some important model pararsetersducted

In Chapter 7, most important conclusions from the thesis are listed. An outlook for future
studies is alsdiscussedn detail.
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2. DISCRETE ELEMENT MET HOD (DEM) MODEL

Thanks tahe advances itompuer technologynumerical modeling of particle flows has
become more feasible from the computational point of view in recent yeansideringthe
excessive number of particles to be simulated in large systems, approaches have been developed
for certain typs of particle flows.The modelingefforts to simulatehte particle motionn a fluid
can beroughly categorized into two groups. In the figpproachreferredtoas @A conti nuu
appr oac ia wo f,thapartcle phask embdelledas continouslike the fluid phase;
thus, both phases interpenetrétetigh each otheontinuously The NavierStokes equations are
solved for each phase while constitutive models are applieéparticle phase to determine fluid
like properties such as granutemperaturend granular viscositg5]. The continuum approach
can beapplied tomany applications includinguidized bed446, 47]andmoving bed particle heat
exchanger$48]. For the applications where partidleparticle or particlé wall interactiondike
contact mechanism, collision time edce of great interest, the partigleaseneedto be modelled
asdifscr etTehipsh asseecoond approach is called Adiscr
Although continuum approaches a@mputationally much less expensive and applicable to large
systems, discrete approaches give more realistic reswltsore isights into the detailed physics
In some cases, discrete approaches are also utilized where particle interactions are rid@bkected
number of particleper volumds nothigh fA Di s p er s eida pogularamproawiofdr éow O
solid volume fractionapplications, i.e. dilute flowsThis model can be applied to circulating
fluidized bedg$47], trickle flow heat exchangef49], free falling particle receive{s0], pneumatic
particle conveyor§s1]. However, in all these applications, solid volume fractiotheflispersed
phase is less than2because in dispersed phase mgdphrtcle - particle interactions are
neglected particlei wall interactions represented in a simplified vaad onlythe drag force is
modelledand besides gravity contributes to particle moftfj.

In the numerical modeling ofhe particle motion inthe CentRec applicatiorthe discrete
approach is preferred fowo reasons. Firstlythe particle mixing in the moving zone of the patrticle
film should be modelled accurateljyhis is important ashe radial displacement dlfie particles
exposed tothe solar rradiation needs to be modeled accurately to estimate the temperature
gradients in the radial directiosecondly,due to wall effects, particle packing structure is not
homogeneous in radial direction. As reported in the literature, the particle packyrigane non
negligible effect on the effective bulk thermal conductivity of the particle film in the near wall
region [53, 54] Thus, the discrete approach should be preferred to estimate particle packing
structure more accuratelfpue to these reasons, continuum approachesliaregardedn this
study.

For the purpose oimodelng particle interactions more accurately, Discrete Element
Method (DEM) iscommonly utilized in particle simulatiofi§5]. The method is first proposed by
Cundall andsStrack[56]. In this approach, the net foraed torqueacting on each particle by other
particlesandsurrounding fluid is calculated every time step, and the trajectory of each particle
is calcul ated by me ahkspplenientadyeCkD modd can reeaupedtb | a w
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the DEM model such that the momentum exchange between particle and fluid phase is calculated
in every couplingitne steplin this study, DEMs considered for the sake of the accuracy in spite

of the high computational burden for many particle systems (>1 million). However, pardile
interactions are assumed to be negligible because the drag forces actirtglas pae quite small
compared to gravity and centrifugal effects. This assumption may not be valid if strong fluid forces,
like from wind, arepresent in the receiver bsiich effects are nobnsidered throughotitis study

for the particle motion modiag. Thus CFD-DEM coupling is out of scope of this wortut wind

induced convection loss is discussed in Chapter

In the DEM formulation, he net force acting on a particle can be written as follows

a® o Y D 4. (1)

In Eq. (2-1), N is the number of particles in contact with a partidl, ard "G, are the
normal and tangential forces applied fyrticles in contact. If a particle does not contact to any
particle or wall, these terms are simply zef@ is the net force applied by the fluid phase.

Finally, & , "Qand®&are the mass of a particle, gravitational acceleration and particle instantaneous

accelerationOther forces like electrostatic and magnetic forces or cohesion are neglected in this
study.Thetorque balance cdre written agollows.

‘o2 br ® 0P (2-2)

Tangential forces applied by contacting particles create an external torque, which is the first
term on the righthand side of Eq2-2). The moment of inertia and angular acceleration are denoted

as’Oand2-In the current DEM formulation, particles anedelled as spherical and monodispersed
wi th partiiocl ¢domwad ieu gticlés are motepariedt gpheres. Im arder to take the

nonspherical shape of apartidlent o account , 0& ,f iwhtiicthi oiuss atlowaqyus
the reverse direction of the rotation is considered. This fictitious tarquenlyaccountdor the

resistance of nespherical particles to roll oversurfacedue to their shape but also other effects

like micro slip and friction on the contact surface, plastic deformation around the contact and
viscous hysteresi&7].

In order to model dense particle flowisefi s of t sphered approach ha
utilized in many DEM simulationgb6, 58, 59. In this approach, particles are allowed to overlap
during contactTo use darger time step to capture parti¢lparticlecontad i n t he fAsoft
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approach,th@ ar t Yea Ul re@dadslus and event ual | ocan beaatifictallyc| es 0
reduced to speed up simulatiorwever, it should be checked during the simulation if particle
overlap creates nemegligible change in particle packing structarel motion In this study, the

open source code LIGGGHTS is utilized for the particle &atmns[59]. In this code, there are

several builin tangential and normal force models well as severablling resistance models.

Grobbe [60] selected and tested a combination of the models being suitable for CentRec
apgication and sintered bauxite particles used in this study. Thus, the current model is built upon
the model he created to not duplicate the same work.

The normal force between two particles contacting each other can be calculated as follows.

~

® W By b 3

The normal overlap and relative normal velocity are denoted asdv  , respectively
The sprin@o sand fdamsgsiodinrorméal directiomeeds to be calculated by
usingEq. (2-4) and(2-5). Finally, &is the normal direction vector to the contact surface area. The
"Q and® is calculated according ®nonlinear Hertz moddb1]. In this modelthese parameters
are also considered as a function of normal overlap as formulated below for monodispersed
particles.

o C01 L] (2-4)
op C
. [l e! vd O 1 (2-5)
w R — )
I “ 0op S

INEq.(2-4), Youngb6s modul us, dapaiccarendénotedra® t i 0 anc
andi , respectively. Similarlythe restitution coefficient and massagfarticle are represented by
‘Qanda |, respectivelyn Eq.(2-5). The restitution coefficient is a collisieelated property unlike
other parameters being material or gielated. It indicates how elastic the particle collision is. It
varies betweefi (perfectly inelastic collision) and 1 (perfectly elastic collision). Thus, the damping
constant is alwaysqual toor greater than zero.

The tangential forcdaas a similarepresentation athe normal force but this time, the
condition if sliding occursr not needs to be accounted fortHaLIGGGHTS documentation, the
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model i s named as MA62lbutiispoarly dedcribédi Grabkied] yeponexid e | 0
the tangential force model details as follows.

TP Qb if Q1P "® (no slip)

- - ]
1—5‘ ® ifQ P O (sliding)

(2-6)

In Eq.(2-6), the tangential overlap is denoted &svhile the sliding friction coefficient is
denoted as . If the sliding condition isnot met (no slip), the tangential force is similar tihe
normal force formwd but the spring stiffness, damping constant and relative velocity in tangential
direction are considere@nd denoted a¥)fto and @}, , respectively. However, if the sliding

occursthere is no damping term in the tangential fomenfula. The tangential overla® at any

time during contact is found by integrating the tangential relative velocity from the time the contact
starts to the current time step, as shown in(&q). Becausehe velocity in previous steps affects

the tangential overlap in the current time step, the modefesredtca s A hi st ory model

1D lh)ﬁ 00 2-7)

Similar to Eq (2-4) and(2-5), 'Q and can be calculated as follew

- O §
o O Ll (2-8)
¢ P c
& I D pa O 1] (2-9)
T - o0¢ ' p ' ¢

For the calculation of the tangential and normal foioethe DEM the particle radius,
restituticn coef fi ci ent and materi al propertandes nan
particle densitymust be providedFinally, the norspherical nature of the particle needs to be
accounted for because in current DEM simulation, all particles are assoiiegérfect spheres.
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Although there are attempts to model the shape obpberical particles directip the DEM[63],

they are not applicable to higlumberparticle simulations due to excessive computational
requirementlIn reality, hie rolling of norspherical particle over a flat surface or another-non
spherical particle requires more dqae compared to the spherical particldgte that even a
spherical particle encounters a rolling resistance due to several effects such as friction on the
contact area; thus, the rolling resistgnetich is mostly found experimentallgccouns for the
combination of all resistanseon a particle to roll over a surfachis rolling resistage is
represented by a fictitious torque in the current DEM simulation and defined as [oNp@4]

o — (2-10)
T

The relativerotation of contacting particlesdenoted as— in radians. Thbuilt-in model
A E P S DRIGGGHTSIs suggested by Grobhé0], based on experiments with sintered bauxite
particles. In this model, the rollingresish ce i s proporti ona® wipt ht ot aan
limit determined by rollingesistance , as seen in Eq2-11).

L1 g0 (2-11)
C

D s

The complete mathemaél model describing the single particle motion in a particle bulk
is explained in the equation sé-1) - (2-11). Besides the model parameters like material
properties, ite DEM time stemeeds to be specifiddr the numerical modeln the DEM solver
al gorithm, a particleds position in the next
and acceleration in the current time step size. Thus, large time stepmaiy cause large
displacement of a particle in a single time step. This may lead phifsécallyunrealistic overlap
of two particles approaching each othemd eventually unrealistic normal force applied to each
other. In order to avoid such caseg time step size should be determined carefGipbbel[60]
suggested to select the DEM step size by considering the collision timealbanmagion of particle
radius, densi ty, Y ¢Q), n gPdosi  snsdddiraid selativa telocdy between particles

(@ ).

-, ¢a p % (2-12)
X
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3. EXPERIMENT DESIGN AN D RESULTS

Some of the content in this chapter is publishetheyuthor:

Hicdurmaz S., Buck R., Hoffschmidt B., 2022,Image Analysis of Particle Flow in
Centrifugal Solar Particle Receiver. ASME. J. Sol. Energy Eng. 144(3): 030903

In the experimental part of this study, a set of experiments is designed to measure the flow
characteristicsof the particle film under various operational conditions1 @ptical system
consisting of diffusively radiating lamps and GoPoameras, shown iRigure3-1, is integrated
to the lab scale CentRec, shownHigure 1-2, to determine the particle flow characteristics.
Although 2D feature trackintike approaches are used in measurement of particle velocity in other
solar particle receiver concepi85], the common approaches to track the motion of moving
granular particles are Particle Image Velocimetry (P1V) and Particle Tracking Velocimetry (PTV)
[66, 67] In PIV, the velocity field of a group of particles in a region of interest is measured by
assuming that the particlégse is a continuuriloweverjn PTV, the discrete motion of individual
particles is trackedJnlike this study, where tracer particles move particulate medium, in most
PIV studies tracer particles are injected to the gaseous or liquid medium dwedl tvéith high
speed cameras to investigate the flow behaviarmbving fluid [68, 69] Although PIV systems
give accurate results in dense flow regimes, PTV technique is advargagetilute systems
because it tracks each individual particle and provides maaédatkinformation about individual
particle motionln this study, PTV is preferred because DEM based simulation can also calculate
particle trajectories, thus a particle scale comparison can be done. GolljAG3tsthtes that PTV
technique suffers from two difficulties. The first is the accurate determination of the particle
position and the second is theear approximation of the particle trajectory between measured
particle positions. To accurately determine t
camera to eliminate the optical distortion such as fisheye diféct72] Later, a 2D image of
tracers moving in a particle bulk is obtained for each camera frame. However, it is very likely that
the whole periphery of the tracer is not distinguishable due to eclipsinggbfbeeing particles.

Liebl [73] developed a deterministic approach to decide whether the detected pixel group constitute
a traced particle (tracer) or not. In this study, this deterministic approach is tailored for CentRec

application. After findingthetraces 6 posi ti on in 2D i mages, a tra
positions in sequential frames is needed. Ouellette .€fi74] developed a particle tracking
algorithm, called 4 Best Estimate, based on ¢t}

can be best estimated by using the previous two frames and one following frame. Although the
trajectory of a particle is assumed as linear between two consecutive frames, this assumption does
not cause a large error for CentRec application because the axial displacement of a tracer in one
full rotation of the receiver is considered as the validaparameter instead of using the full
trajectory of tracers. In addition to this, the film thickness and the ratio of the length of the
stationary part, i . e. t he | en greldtivet the edeieer ar ¢ w
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circumferencearealso measured for various rotational speeds and mass flow rates. Later, these
parameters will be used in the validation of the numerical model.

Figure 3-1 Theopticalelements  theringlight  thecamea fortheparticle tracking the camera for the film
thickness the bar light the circular pin

3.1 Experimental Set-up

3.1.1 CentRec Setup

In the experiment, a closed loop particle circulation system is employed. The particles
leaving the receiver are transfea to the storage tank via a conveyor belt and a bucket elevator,
respectively. Then, the hopper located above the receiver is filled with the particles from the storage
tank. The receiver cavity diameter is 80 cm, whereas the axial length is 120 cmecé&iver
inclination angle is set to 45°. In this study, a passive particle feeding system is utilized by means
of an orifice plate. Orifice plates with hole diameteir 16, 22.5, 25 and 30 mm are calibrated, and
the corresponding mass flow rates arenfbas 0.092, 0.238, 0.312 and 0.489 kg/s, respectively
[75]. In order to be able to track the particle motidrQ. based white tracer particles are mixed
with the reddiskHbrown ceramic particles. The weight ratio of the tracers to the particles is 0.01.
While the mean sieve diameters o€ ttracers and the particles are 0.983 mm and 0.967 mm,
respectively, the static angle of reposes are found as 22.14° and 27.02° because the tracers are more
spherical[73]. The ceramic particles are SG 16/30 type provided by Saint Golxaihtheir size
distribution can be found ifi73]. Before starting the experiment, the receiver aperture is enclosed
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by a rectangular blaegainted plate to create a dark room in the cavity so that the contrast between
tracers and particles under the light of the lamp is iseca

Previous experiments have shown that the friction between moving particles and the
metallicreceiver wall is not high enough to ensure an opaque particl¢lfind1] Thus, a wire
meshis welded to the receiver wall to obtamough surface on the wall. Particles getting stuck
between wires form a stationary particle layer on the Wdl]. It is assumed thattaionary
particlesremain in contact to the wall until the operation gd@3$. In solar operation these particles
never get exposed to solar rays if the pkertidm is thick enough but they provide a rough surface
for the moving film.

3.1.2 Optical Elements

In the experiment, two GoPro HERO3+ Silver cameras and two diffusdiatinglamps
are employedshownin Figure3-1. While one camera ( in Figure3-1) is responsible for tracking
the white tracers, the other one (in Figure3-1) focuses on the circular pin ( in Figure3-1)
pressed against the wallhe center of the region of interest of the camer#s exactly at the mid
|l evel of the receiveroés axi al l ength -Heveli | e t h
The pin is marked with 1 mithick black Ines as seen frigure3-5(a). In the posfprocessing, the
film thickness is measured by counting the black lines starting from the top. The angle of view of
the cameras is 90° and 100° in horizontal and verticattian, respectively. The recorded video
has ascreerresolution of 1920 x 1080 pixels. Finally, the frame rate of the camera is 60 fps.

The lamps are selected based on the homogeneity of the light on the moving particle film,
the brightness, the contrdsttween the tracer and the particle, and thesebmplexity[73]. The
distance between the camera and the receiver wall is an important optimization parameter. If it is
too small, the picture becomes blurry; if it is too big, then the tracer recogmitiauly affected.

This distance is optimized as 135 mm by Li¢BB]. Finally, the radial and tangential image
distortion resulting from the nature of the camera lens is calibrated by the help of the chessboard
image for the optimized distan¢é3]. Due to theundistortion, the original image is cropped to

1800 x 960 pixels, and 60 pixels from top, bottom, left and rights are removed. For the given
optimized distance and the screen resolution, 1 pixel correspoiid@7586 mm, which gives a

cropped image sizef 136.56 mm x 72.83 mnThe width of the image corresponds to ~ 5% of the

receiver circumference laser emitting green light is mounted on the stationary bteited

pl ate enclosing the cavity fiddofview ib éveaytotationof ap p e a |
the receiverThus,by counting image frames after the frame in which the laser spot appears in the
camer abs fthe anbuthr position\ofibetiwcameras carfidoedin each frame.

3.1.3 Experiment Design

In this experimental study, twadependent and three dependestametersre utilized.
The independemarametes adjusted by the useare receiver rotational speed and particle mass
flow rate. Depending on the independpatametes, three dependeparametes which are also
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the validdion parameters for the numerical modelmeasuredThe dependenarametes are the

particle film thickness, the axial advance of tracers in one rotation and the ratio of the length of the
stationary zone to the cavity circumference. The other paraigtereceiver dimension, the type

and size of particle and tracers #ne same for all experiment runs in this studie dependent
parameters are measured for all possible combinations of independent parameters. All the
parameters used the experimemn are listed inTable 3-1. The independent parameters are later
used in derivation of the nesimensional numbers being utilized for scaling of particle flow in
different CentRec sizes.

Table 3-1 Experiment parameters

Parameter Uni Val ue
Cavity diamet m 0.8
Cavity lengt m 1.2
Receiver incli degr 45
Di ameter of wire » mm 1
Fixed ParaSize of rectangulsa mm 4x4
Ceramic particle mm 0.983
Tracer particle n mm 0.967
Tracer to part - 0.01
Cropped i mage d mm 136.56 (hor.
Pi xel edge | e mm 0. 07586
Independent Receiver rotati rpm 62, 63, 64,
Parameter Particle mass k g/ 0.092,0.238, 0.312, 0.48¢
Tr abaexrisal advance mm Measur ed
Particle film mm Measur ed

Dependent P
Ratio of the d$tatit

to the cavity ¢ - Measur ed

3.2 Image ProcessingRoutine

The image processing routine of the recorded videos is mainly composed of two steps,
namely the tracer recognition and the tracer trackikgyan image processing tool,saript is
developed by Lieldl73] in Python by using functions listed in the OpenCYV library. The developed
approach is similar to 2D Particle Tracking Ve
vel ocity based on t herlocaiongin sequentiaf fraraes but thissisnet a n d
preferred here because the axial velocity averaged for one rotation is enough for this study. First,
the frames are extracted from the recorded video and corrected to eliminate distortion. Then, the
centerof gravity of each tracer in each frame is determined by the tracer recognition algorithm and
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stored in a text file. Due to the receiveros
structure, carrying cameras and lamps, relative to the sraawnterline, there is a relative motion
between the rotating receiver wall and the rotating cameras during the experiment although all the
components are fixed to each other well and rotate at the same speed. This relative motion is
characterized by thieelp of the picture of dots glued to the receiver wall, which is seEigure

3-2. The distance between each dot is 5 mm in both horizontal and vertical direction.artte x

y- coordinates of the pixels contaigithe center of gravity of each white point in the image are
stored in each frame during 100 rotations. It is found that each white point deviates from its mean
value such that the shape of the deviation vs. frame number curve is sinusoidal. Thusjdakinuso
curve, showing how much a single white point deviates from its mean value in a specified frame,
is fitted with R >0.97 by averaging the results of 100 turns, as se€igime3-3. Then, to correct

thetrace position, the below procedure is follow

1 Thefourcor ner <cali bration points closest to
1 By using the frame number, the angular position of the camera is determined. Then, the
corresponding amount dfie deviations in four corner calibration points are determined by

using the angular position and sinusoidal fit of each point.
T The deviation at the traceros p-D splitei o n
interpolation functiorscipy.interpolate.gddatain Python.

1 This procedure is repeated for each tracer and the resulting position matrix is stored in a
text file for each frame.
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Figure 3-2 The picture of dots used ftine characterization of the rion between the receiver wall and the camera

The approach discussed above is evaluated and the error resulting from using sinusoidal
curves in characterization is found as ~1 pixel, corresponding 0.076 mm. Considering the fact that
the tracer mean siewdiameter is around 0.983 mm, this error can be assumed as very small.
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Finally, the corrected tracero6s positions
trajectories are found by connecting the tra
recognition and tracking algorithms are discussed in the following sections.

[ m_‘h".lb..:_>
6 ‘..C", i l’l_l'u;&r'_.

Tracer Locations in Fig. 3 - 2 I

Left Bottom x- coord
Right Bottom x- coord
Left Top x- coord

Right Top x- coord
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Right Bottom y- coord
= = =|eft Top y- coord
----- Right Top y- coord
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-10 ! \ \ !
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Frame Number

Figure 3-3 Pixel deviation from the mean value in one rotation for each tracer point at the corners of the picture of
dots basedn parameters listed ifable3-1.

3.2.1 Tracer Recognition

To distinguish tracers from ceramic particles, a deterministic approach is followed. The
procedure consists of two parts namely, segmentation and filteritige s@gmentation part, the
RGB pixel value of each pixel in the frame is determined and converted to HSV (Hue, Saturation,
Value) value. A sensitivity parameter used in the determination of the upper and the lower bound
of the HSV pixel value is defined &lu that it varies between 0 (only pure white is considered as
tracer) and 100 (no segmentation). In thetpsts, it is observed that if the sensitivity parameter is
set as <30 then the tracers located near the edge of the image are not captured fiibealiad o
illumination relative to the center. However, if it is set as >Stfimereddishbrown ceramic
particles located around the center of the imagalsodetected as tracelue torelatively high
illumination at the centeihus, there is a compromisetiveen tracers located at the center and
edgesTracers located at the center are preferred to the ones at the edges because the ones at the
center likely appear again in the next frame while the ones at the edge may disEppsdhe
sensitivity paramer is set to 30sothe regions higher than HSV value of 22%considered as
tracercandidateNote that pure white corresponds to a HSV value of 255
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In the filtering step, the detected potential tracers are quantified according to their area,
circularity and aspect ratio. A threshold value for each criterion is defined and only candidates
fulfilling the predefined criterion are accepted as tracer. Firstly, the pixels whose HSV value is in
the predefined range (>225) are determined and the area otdlmn composed of those
neighboring pixels is calculated. Note that the sieve diameter of a tracer is measured as 0.987 mm,
meaning that particle diameter to pixel length ratio is ~13. In théegts, the range of pixel area,
in which a single traceikiely exists, is optimized as Hfixel to 200 pixelby trial and error. This
is because sometimes a paratrfacer is eclipsed by a particle andrtloaly the noreclipsed part
is visible. Thus, in order to not lose the track, the lower bound for thecaterion is optimized as
50 pixef, which is far below 169 pixél Similarly, in order to prevent to recognize two or more
adjoining tracers as a single one, an upper bound is defined. Secondly, a threshold value of 0.3 for
the circularity of the deteed region is defined as minimum. Finally, the minimum aspect ratio
which is the ratio of the thinnest to widest length within the detected region is defined as 0.01.
Figure 3-4 shows the undistorted and the filteriethges. The circles iRigure 3-4 represent the
tracer candidates fulfilling all conditions. Note that criteria thresholds for all parameters are
empirical and found by trial and error. During the image procestieguser may adjust these
threshold values manually to improve tracking resolution. It is strongly recommended to select
original and filtered images randomly often and compare them. The detected regions fulfilling all
abovementioned criteriaareregarded fit r acer 0 and the center of
a text file to be used itnetracking algorithm later.

(@) (b)
Figure 3-4 (a) Theundistorted imagé¢b) the £gmentated and filtered iga

3.2.2 Tracer Tracking

In order to determine the trajectory of tracers, a particle tracking algorithm called
4BestEstimate is integrated to the image processing [@ddieln this approach, the decision of
which tracers will be appended to the tracking matrix, is made by evaluating 4 frames, namely the
previous two frames, the current frame and the nextdr#@ search radius whetée potential
position of the tracer detectedthre current framenay be found ithe next framevithin, is defined
by the userThis userdefined parameter should be adjusted carefully such that it is not smaller
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than the advarmcof the tracer between two consecutive frames. Setting this parameter very high
increases the computational burden because then more candidate tracers are to be checked.
Basically, the tracking procedure for tracers is as follows:

1. In the first frame oflie video, all the tracers found in Frame 1 are saved into the tracking
matrix. Each row of the matrix represents a track of a new tracer.

2. The candidate tracers in Frame 2 within the search radius are listed, and the one being
closest to the positions im&me 1 is appended to the tracking matrix. If there is no candidate
tracer, the track is finished. It is because tracers may sink into deeper layers due to mixing.
Similarly, if a new tracer appears in Frame 2, a new track starts.

3. For the found couples,2D velocity vector with x and y components is calculated as stated
in Eq. (3-1), where v, x and t are velocity, position and tifi@.0 corresponds to the real
time between two ansecutive framedf a new track starts here, it is appended to a new
row of the tracking matrix. Fdhose particles, the algorithm starts from step 2.

®w
\ - (3-1)
v Qo

4. Based on the velocity calculated in step 3, the position of the tracer is estimatdérantbe
3. Thenthe search radius is appliacbund the estimated positioRossible position triplets
are determined based trefirst three frames.

5. The velocity and acceleration are calculated by usind®E#) and Eq(3-2) respectively.
L is calculated by using Frame 2 and Frame 3 while is found by using Frame 1 and
Frame 2.

) §)
. (3-2)
@ Q0

6. The position of the potential candidates in Frame 4 for textquotential location triplets
in step4 is estimated by using the E&-3) [74].

) ® cLQO & ¢QO (3-3)

7. The quartets of which the first two elements are certain and the last two elements are
candidates, are determined byngsthe search radius around the potential position found
in step 6. If a new tracer appears in this step, a new track starts from step 2.

8. The found couples from Frame 2 and Frame 3 are appended to the tracking matrix if and
only if a track continues in Bme 4. If 2 or more potential quartets fulfill this condition,
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then the one which has minimum distance between the positions in Frame 3 and Frame 4 is
preferred.

9. The procedure repeats starting from step 2 for the next frame. In each iteration, only the
paosition from Frame 3 is appended to the tracking matrix. The potential tracer in Frame 4
is only used for selection of the triplets Frames31

It should be noted that if track is lost in any step then it is terminated instead of searching
the potentiatandidates in the future steps. Especially in the moving zone, particles may sink into
the nonvisible part of the film and reappear in the next frame. Considering that there might be
closely moving tracers in the image, further tracking for sinkeap@aring tracers is not preferred
in this study to be on the safe side because it is very hard to estimate if the same tracer is the
reappearing one or not. A more detailed explanation about the tracking algorithm and the code can
be found in73, 74}

3.3 Experiment Results

As shownin Table3-1, the experiments are run for all combinations of 6 different rotational
speeds and 4 défent particle mass flow rates. It is observed that reducing the rotational speed to
below 62 rpm causes particles to move in the cavity freely due to insufficient centrifugal forces
especially for high flow rates (>0.48 kg/s). Moreover, rotating thevercet a speed of more than
67 rpm causes that increasing friction force prevents particle motion. The opening between the
particle distributor and the receiver wall, as may be sedgure 1-2(b), is ~ 1 cm, sas the
rotational speed and the flow rate increases, the opening may be clogged. That is why the particle
mass flow rate is limited to ~0.5 kg/s in this experiment. Finally, as rotational speed and flow rate
decreases, the welded wire mesh becomes visgilolieating that the thickness of the particle film
is small. Thus, 6 rotational speeds (62, 63, 64, 65, 66 and 67 rpm) and 4 mass flow rates (0.092,
0.218, 0.312, 0.489 kg/s) are investigated to cover the operational range of the CentRec. The videos
are ecorded for 5 minutes for each measurement point.

In Figure 3-5, the marked pin in the empty and filled receiver is shown. Note that the
thickness of black lines and the distance between them is equal to ea@ndtthenm. Thus, one
can count the black lines to find the film thickneSgure 3-6 presents the film thickness for the
investigated operational parameters. It can be stated that the film thickness increasks with
rotational speed and the particle mass flow rate. As rotational speed increases, the friction between
particles forming the particle film increases; thus, the axial velocity profile in the radial direction
gets less steeplote that the values presediti@ Figure3-6 have an uncertainty of £ 0.5 mm. It is
because one can say only with naked eye whether a cap of a sphere (particle) is located between
two lines on the pin. A more sophisticated code can also db&eeact position of the tip of the
spherical cap as suggested by Ligtd].
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Figure 3-5 The pin pressed against the receiver \ialin empty receive(b) during experiment

In this study, thdilm thickness is defined as the distance between the tipedbpmost
particle and the receiver wall. However, due to the dynamic nature of the particle film, some
particles may sit slightly higher than the others, thus the film thickness is notrddhstaughout
the receiver circumference but has an uncertainty of 1 particle radius. Here it is assumed that there
i's no pile formation in any part of the part.i
why a more detailed code is not consetkhere but thélm thicknessmeasurement is made with
naked eye by watching the recorded images and a large uncertainty is assumed, which is half of
the distance between two lines on the pin. For example, the film thicknea®fational speed of
67 rpm anchmass fow rate of 0.489 kg/s varies between 9 and 10 mm because the spherical cap
of thetopmost particles is always observed in betwekar®l 1¢' lines from the pin tipDue to
the fact that the gap between particle distributor and receiver wall is 10 erepthay be clogging
effect for these operational parameters, which may eventually make that result erroneous. Another
point to be emphasized here is that the wire mesh welded to the receiver wall has a diameter of 1
mm which result in a total wire thicknesarying between 1 and 2 mm due to assembling technique
shown inFigure 3-5(a). Thus, there is a stationary particle layer that gets entrapped in the wire
mesh. The préests have shown that this layer consistatfmore than 1 particle in radial direction.

Due to the opaque nature of particles, only the ones located in the innermost layer of the
particle film can be observed. Figure3-7, the axial advance of those pelgis in one rotation is
presented for various rotational speeds and mass flow rates.Higane 3-7, it can be deduced
that the free surface velocity of the film increases with increasing flow rate; in other w&ords,
thicker film yields higher free surface velocity for the same rotational speed. Moreover, the axial
advance of particles decreases with increasing rotational speed for the same mass flow rate. The
axial advance values for rotational speeds of 62 angdand mass flow rate of 0.489 kg/s are
not presented here because the trajectory of the particles in one rotation could not be captured with
the available image height. The number of tracers detected for each measurement point is also
shown in Table 3-2. A mean standard deviation of measurements is also found for each
measurement point and represented as vertical error bar as BigomaB-7. No relation between
the mean sindard deviation and operational parameters is observed. For some measurement points,
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this deviation is relatively small. This is because only a low number of tracers could be tracked, as
can be noticed imable 3-2, thus the deviation for those measurements should be approached
cautiously.
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Figure 3-6 The film thickness for various mass flow rates and rotational speeds based on parameterd hstied in
3-1.Thevertical error bar corresponds the uncertainty of the measurement technigsi¢heeséme for all

measurement points 0.5 mn). It is only shown for the mass flow rate of 0.092 kg/s to provide legibility. The

horizontal error bar shows the measurement uncertainty of the device measuring the rotational speed.
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Figure 3-7 The axial advance of the tracer in one rotation for various mass flow rates and rotational sgpesbde ba
parameters listed ihable3-1. The vertical error bar corresponds the mean standard deviation of measurements. The
horizontal error bar shows the measurement uncertainty of the device measuring thesmeatibon
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Table 3-2 Number ofthedetected tracers

Orifice Dia 16 22.5 25 30
Corr. FI ow. 0. 092 0.238 0.312 0. 489
6 2 135 3 2 -
6 3 148 14 7 4
Rotati« 6 4 187 15 10 -
Speed ( 65 171 23 11 2
6 6 217 52 23 4
6 7 134 31 21 4

In Figure 3-8, the ratio of the length of the stationary zone to receiver circumference is
shown for various rotational speeds and mass flow rates. Figume 3-8, it can be observed that
this ratio has almost no dependency to rotational speed except for 0.092 kg/s of mass flow rate. In
the calculation of this ratio, firstly, the frames in which the tracer position doesargehelative
to the previous frame are counted. Then, it is divided to the number of frames corresponding to one
receiver rotation. However, it should be noted that the results presefigdne3-8 are sensitive
to the distance criterion chosen to determine if a tracer starts to move in between two consecutive
frames. In other words, the ratio changes with the-dseBned distance indicating that a tracer
starts to move if it is exceeded. Thus, this distansetito 1 mm because the accuracy of pixel
deviation correction approach is 1 mm, so the potential noise that may result from this is eliminated.
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Figure 3-8 The ratio of the length of the stationary zonéhe cavity circumference for various mass flow rates and
rotational speeds based on parameters listéalime3-1. The figure is split to two plots to increase legibility of the
figure. The vertical error bar c&sponds the mean standard deviation of the measurement points. The horizontal
error bar shows the measurement of uncertainty of the device measuring the rotation speed.

For the same rotational speed, the ratio of the length of the stationary zone teiver re
circumference decreases with increasing flow rate. In other words, as the film gets thicker, the
length of the stationary zone on the innermost (visible) region gets smaller for the same rotational
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speed. It proves that the length of the statiozane is also changing in radial direction. In other
words, a particlebs stationarity is not only c
in the receiver. This behavior is roughly depicteéigure3-9.

One of the challenges in the image processing part is the low number of particles appearing
in all frames. Especially in the moving zone, the mixing of the film is very strong; thus, tracers
sink into the film, which makes tracking very difficui. Table3-2, the number of tracers tracked
for each experiment is tabulated. As can be noticed, the number of tracers is very low for high mass
flow rates because the image height is not large enough to capguretthr acer 6 s c o mp |
advance taken in one receiver rotation. In order to increase the accuracy, a track is always started
from the stationary zone because starting a track in the moving zone would lead to less accuracy

in measurement of axial advareed stationary zone ratio due to low camera frame rate.

In the post processing of the recorded videos, there are several potential sources of error.
Firstly, there is a reprojection error, defined as the distance between the measured position and the
projected position of a point in the image plane. This error is found as 0.0523 pixel for the type of
cameras used in this study and given distance between particle film and camera ljy3liebl
Secondly, there is an error resulting from the curve fit to cheniae pixel deviation. This error is
also found to be approximately one pixel in each calibration point. Lastly, there is also an error due
to linear interpolation of the particle trajectory between sequential frames. However, in this study,
only the axal displacement of particles, which is a patiependent parameter, in one rotation is
measured. Thus, the overall optical error is calculated as ~1 pixel, which is negligibly small
compared to particlebs axi al entihveman evleichishardone r
to quantify, in the tracer detection algorithm but this is minimized by optimizing the empirical
parameters as discussed in Section 3.1. If a tracer could not be detected via detection algorithm,
then the track is automaticaltgrminated. Moreover, the movement pattern of all trajectories is
checked. If any trajectory does not have the common pattern, i.e. movertiergtationary zone
or unphysical upward motion themoving zone, it is omitted. This situation is very likellye to
that a pixel region is detected as tracer although it is not the case. There may be also the case that
one tracer sinks and another one reappears in the location where the first one is supposed to be in
the next frame. In order to eliminate thiskiithe tracer to particles ratio is kept low (0.01). Thus,
the average distance between tracers in a frame is increased. Finally, there may be also an error in
the tracking algorithm such that the same tracer is not tracked during its trajectory aliiough
tracers are detected correctly in each frame. However, this situation also causes a different
trajectory pattern and can be noticed by the user. For a more robust model, a pattern recognition
algorithm can also be employed in the future study. Moreasing a camera with higher frame
rate and 3D tracking technique may reduce the errdhgetnacking algorithm.
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Figure 3-9 Roughrepresentation of the stationary and moving zones, which are etépithdarkbrown andight
brown colors, respectively.
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4. DEM MODEL VALIDATION

In order to validate the numerical moakdscribedn Chapter2, the experiment results
found in ChapteB.3are utilzed. However, the receiver size consideretth@experimental study
is too large tdoe simulatel by DEM with the available computational resourcEer example, if
the particle dameter,the particle film thickness anthe particle film porosity are assied as 1
mm, 4 mm and 0.5, respectivetlie number of particles in the simulation is arodrimillion for
the receiver size in the experiment cddewever, as receiver size increases,dpgmumfilm
thickness is also expected to increddas isdueto thatfor the same flux density at the aperture,
the intercepted energy increases with the square of the receiver diameter. The mass flow rate should
also be proportional to the intercepted energy in order to math@same temperature increase
betwea inlet and outlet. Thughe mass flow rate is proportional tioe square of the receiver
diameter in case dhesame flux at aperture and aspect ratio (length to diameter ratio) for different
receiversizes. This leads to an increase in the film thiskras receiver size increases. For a large
receiver with aavity diameter of 2.5 m and film thickness of 10 the number of particles in the
simulationis around 200million. However the highest particle number considered in this study is
around 1.25 rtlion because the computation time being more thaeweek for reaching cold
steadystate is avoidedne second simulation of that many parti¢édes2 hours withintel Xeon
E5-2697v3 processors (14 coreb).the light of these calculations, it ilsevitable to develop a
strategy to scaldown the receiver such that similar velocity field and a film thickness
distributioncan still be obtained by consideringmallscalereceiver.

4.1 Scalei down Approach

The approach to scatitown the partle film assumes that if the net force acting on a
particle film duri ng thésamepttee vdlocity fickl s @ldbesame d e n c e
regardless of the receiver size. There are two major forces acting on the particle film. The first one
is the gravity, being independent of all operational parameters. The second is the fictitious
centrifugal force, which is not a real force but an effect that a matter expsemiceythe circular
motion, thatpushes the matter outward of the circular pakte friction force isa result of various
combination of these two forces during the motion. Gravity is assumed ttee same for all
particles regardless of the receiver sireorder to also applthe same centrifugal force to the
moving film, the rdational speed must be adjusted as follows

0 i 0 i (4-1)

The experimental and simulation rotational speed are denoted asand 0
respectively. Similarly, the cavity radius is denoted asandi . The scaledown approach is
valid if the cavity diameter is much higher than the particle diarsetdrat the cavity wall can be
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assumed as flat relative tloe single particleTo obtainthesame film thickness, the mass floste
also needs to badjusted.

- 4-2)

Finally, the cavity length is also adjusted to have the same aspect ratio (cavity
length/diameter).

— o (4-3)

The scaledownapproacktlaims that by applying the three scaling laws, one can dihi@in
same velocity and film thickness distribution along tbeeiver.In the simulations, particles are
introduced into the domain with a linear velocity beiihngs a me as t he cavityoés
zero axial velocityas seen in

Figure4-1(a). The radial location foparticle generation domain ) ¢, away from the
cavity wall, as depicted ifrigure4-1(b). The receiver tilt angle is set to 45°, as seeRigure
4-1(c), throughouthe study.

In order to check thapplicability ofthenewapproach to CentRec, three receiver sizes are
considered, as shown ifable 4-1. The particle diameter for all sizes is 1.2 mm so the cavity
diameter is 10Q@imes ¢ for the smallest receiver sizEor these simulation®EM parameters
found in the calibration study discussed in Chagt2are utilized so that the presented results are
realistic for CentRec case. However, the scalen approaclitself is independent of the DEM
parametersnd should work for any particle type.

The patrticlei surface friction coefficient is set @very high value (10,0000 that the
particles touching the cavity wall do not move relative to thi Whis numerical trick is done to
obtaina stationary particle layer like in the real operation. The details of this trick are discussed in
Chapterd.2 In Figure4-2, the particle mss flow rate at the outlet of the receiver is plotted for all
sizes. As can be noticed, after a certain period of time, the mean outlet mass flow rate is equal to
theinlet mass flow rate; however, there is a certain level of fluctuations asouedn vale. The
fluctuations at the outlet may indicate that the film thickness changes periodically because the
instantaneous number of particles in the receiver also changes with time slightly. During the initial
filling period, there is quite large particle $othrough the aperture. This is mainly because the wire
mesh is not modelled in the CAD model of the receiviéris transient effect is not the
representation of reality and only occurs due to implicit modellindp@ivire meshthrough the
high friction value More details can be found in Chapde2
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Figure 4-1 (a) Feeding of the particles to the cavfb) location of particle feeddr) the side view of the tilted
receiver
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Table 4-1 Receiver dimensions considered in the sclen approach

Unit D12 D17 D25

Cavity Diameter m 0.12 0.17 0.25
Cavity Length m 0.171 0.242 0.356
Mass Flow Rate gls 35.7 50.58 74.38
Rotational Speed rpm 160.08 134.50 110.91
ParticleInlet Speed m/s 1.01 1.20 1.45
Particle number in the simulation (x) - 1.6 3.3 7
0.12 T T T T
—D12
—D17
0.1F —D25| |
:330.08 r :
2
c
2
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Figure 4-2 Time variation of particle outlet mass flow rate for three receives.size

After obtaining the cold steady state, meaning that the inlet and outlet mass fl@arerate
equal to each other, the velocity and film thickness distribdtiothree sizes are coraped.The
film thickness for any axial segment of the particle film is calculateéJusraging the radial
position of theparticles locateat the particle film surfacéirstly, the surface area of the axially
cut film section is calculated

6 (‘] “ 'Q c (‘) (4-4)

The axial lengttof the film section is denoted as while the film thickness is denoted as
0 . Because the surface atigaalso function othe film thickness, the calculation of the film

thickness requirean iterative solution. Thenhe number of particleB®rming the particlefilm
surface is calculated &sllows.
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g - (4-5)

Particle diametevolumeandbulk solid fractionare denoted a® , @ and™Q The solid
fraction can be estimated according to the procedure described in Chaptel However, for
the particle type considerex this studyandthe relevant operational range, the solid fraction is
found as 0.5 + 0.02 in théentRecsimulations. Thus, an average value of 0.5 is assumed in this
calculation. Note that in E¢4-5), it is assumed thaéhe particles forming the filreectionis evenly
distributed in tangential and axial directions; thus, there is no pile formation. Later, the radial
position of all particles itheenclosed hibow cylinder-like volume is found busingthep ar t i cl es 0
x and y positionsThen particles are sorted by their radial positions in ascending order, and a sorted
radial posbdbtienfoeemedr

i P El & wEbhQeeQ (4-6)

Thefirst ¢ elements ofhevectori correspondo the particles forming the particle film.
Then,the film thickness for a given axiallyut section of the film is founds fdlows.

(4-7)

Q B I Q Q
G 3 G

In Eq(4-7), the average radial position ef particles beingarthest from the wall is
subtracted from the cavity radius. Moreover, the particle radius should be added because the radial
position of a particle is defined as the distance between the particle certtez@ndty centerline.
However, the film thickngs is defined as the distance betwderncavity wall andthe tip of the
spherical cap of the particle. Eq4-4) - (4-7) areneeded tde solvel iteratively with an initial
guess fold . The asumption that the film thickness is zero in E4) in the first iteration is
enough for the convergence in this study.

In Figure 4-3, tangentially averaged film thickness the axial direction forthe three
receiversizes are plottedlThe trend ofthe film thickness forthe three receiver sizes are quite
similar with the largest deviation of Ogldror all sizes, the film thickness istgyng smaller near
the exit. For the considered rotational spaad mass flow rate couples, the change in the film
thickness in the axial direction is not lar@éere is also a slight difference in the film thickness in
tangential direction. The porogiof the film is ~ 0.48 in the stationary zone while it is ~0.52 in the
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moving zone. Due to continuity,ere is ~8% difference between film thickness of the two zones
for the considered operational parameter set.
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Figure 4-3 Tangentially averaged film thickness averaged for 15Gstditme error bar is the meatandard
deviation.0 and 1 in x axis correspond inlet and exit of the receiver, respectively.

In Figure4-4, the axial velocities of the particlestimethree receiver sizes are qualitatively
compared byepresentingeceivers in concentric manner. The moving and stationary zones are
noticeable. The angular posit®wherethe stationary zone starts and enfor all sizes are quite
similar. Moreover, the axial velocity profiles thesurface in thenoving zone are also similar. In
order to compare the velocity profiles quantitatively and in deeper parts of the particlairigm,
combinations of three diffent tangential and axial positions are determined as showiguine
4-5. In each ardike particle film section, the axial velocity profilaa radial direction are
determined by averaging the results for 1504uin Figure4-6, the axial velocity profiles in the
radial directionat nondimensional axial position of z =30are presented for three different
tangential positioglocated in the moving zon&he profiles fothe sizes D12 and D25 match very
well in all tangential positions; however, therasightly lower velocity profileobtainedfor D17
at 90° and 135°. This is probably due to that the film thickness at z = 0.3 for D17 is slightly higher,
as can also beoticed inFigure4-3.

In the velocity profile figures, it can also be noticed that the axial velocity profile in the
radial direction follows a linear trend from 3 w film thickness value for all cases. Beaauise
stationary particles do not move relatiegthe wall, the axial velocity is always zero far<r1d,
region. InFigure4-6(a), the data points are fitted by a linear curve betwegaridi4dg. Although
there ishumplike shape in the velocity profile due to particle layering effect resulting from the
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existence of the wall (see Chapget.1.1for details), the linear velocity profile assumption may
be useful for further scalingp ofthe CentRec but this is out of the scope of this study.

(@ (b)

Figure 4-4 Qualitative comparison of axial velocities fine three receiver sizes. A view (d) stationary zonéb)
moving zone The cdor bar is the axial velocity in m/s

Figure 4-5 The arelike section volumes to be used in the determination of the velocity praftestangential
positions of volumes are 45°, 90° and 135° in cauciteckwise direction. The nondimensional axial positions are
0.3,0.5and 0.7
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Figure 4-6 Axial velocity profile in radial directiomt nonrdimensional axial position of z = Of8r tangential
position of(a) 45° (b) 90° and(c) 135°.

Similar deviations are also observed for D25 at 45° and z = G:igume4-7 and for D12
at 45° and D17 at 135° for z=0.7Higure4-8. However, in general, there is a very good agreement
between particle velocity profiles up to the calculated film thickness. There is no detectable trend
for the particles of which centers are beyond ~4.tod45° and 90°, and beyond €4 for 135°.
These particles being located on the surface of the film probably move freely or collide with several
particles in the moving zone while being exposed to less amount of the friction force. Thus, their
motion is not representative for the fllm@havior. Note that each circle in these figures corresponds
to the average velocity of the particles in the representative location so the figures do not give any
information about the particle packing density in the radial direction.
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Figure 4-8 Axial velocity profile in radial direction at nedimensional axial position of z = 0.7 for tangential
position of(a) 45° (b) 90° and(c) 135°.

4.2 DEM Parameter Calibration

The DEM model requires severabput parameterso be measured or calibrated for the
particle simulations, as discussed in Chaptdihe input parameters are namely particle diameter,
Youngo6s modul us, Poi ssonb6s ratio, p esstance | e de
and restitution coefficientAlthough the first fourparametersare inherently related ta single
particle, the last three coefficients are defined for parfielgicle and particlevall interactionsin
this study, only SG 16/30 particles usedtire experiments are considered in the CentRec
simulations. The density of the particiespr ovi ded by t he maMaodilasct ur er
of the sintered bauxite particles are measured by Bagepadli £16]. Liebl [73] measured the
mean sieve diamet&f SG 16/30 particles busrobbel[60] sugyested to usan areaweighted
meandiameter, alsoeferred toasSauter diametem DEM simulations because it is often used in
empirical correlations. Note that Grobljél’] reported SG 16/30 particles as SG10H because it
was named in previous studies that waybut they arethe sane particletype The particle
properties are listed ihable4-2. Although it is reported that the circularity of the particle is 0.94,
there is 2% difference between sieve and Sauter diameter for particlegpelRactly spherical
particles, they are expected to be same. The reason why there is such deviatiothessibed
diameter is based on the smatlerosssectional area of theonsphericalparticle However,in
themeasuremendf the Sauterdiameter, prticles are stagnant on a platehthat thelarger cross
sectional area of the particle tends to be parallel to the plate; thus, the largesectus®l area is
measured. To eliminate this problenaugrdiameter may be measureda vibrating platevhile
particles are rolling so that all cressctional areas within the particle can be considered. However,
it is out of the scope of this study.
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Table 4-2 DEM patrticle properties

Sieve Diameter mm 0.983
Sauter Diameter mm 1.2
Density kg/m? 3560
Young's Modulus MPa 209
Poisson's Ratio - 0.3

In the experiments, a wire mesh is weldetbthe cavity wall to obtain a stationary particle
layer. However, modelinthe meshwith awire diameter of 1 mm alanthe cavity wall results in
very large CAD file size and also reduces DEM computational speed significantly. Thefethe
of the wire meshon the particle motions considered implicitly Firstly, the sliding friction
coefficient between particle anehll is setteav er y hi gh value to prevent
cavity wall but particles can still rotate on the wall without sliding. If the rolleggstances also
set to very high value to prevent rollingjs observed thaDEM gives very urealistic results.
Thus, to eliminate the particle rolling in axial direction, a damming edtea thickness of 14
is modelled at the exit of receiver, as seeRigure4-9. The particle IDs are monitoretlrring the
simulation, and the validity of the numerical trick is confirm&tthough the stationary layean
be obtainedwith this approach, there is still a contact between wire mesh and particéssity.

The stationary layewhich is obtained a e minutes after stopping the particle flow to the receiver
from the particlanlet, canbe seen irFigure4-10. The size ofthe mesh is 4 mm x 4 mpthus
roughly 65% of the surface area is covered with particletevitie rest is covered by metallic
wires. Howeverthe particle- wire contactis neglectedn this studyfor the sake of the model
simplicity, and particlewire interactions are assumed to thee same as particlé particle
interactiors. For this reasonyall properties are not of interest in this study and they are assumed
to bethesame as the particles.

Figure 4-9 View of the damming edge at the exit of the receiver
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Figure 4-10 View of stationary particles and welded wire mesh from the receiver in operation

Grobbel[77] calibrated the sliding friction coefficient, rollingesistanceand restitution
coefficient for particle contacts and for SG 16/30 particles. linstii@y, a plate impact experiment
is modeled for the calibration dlfie restitution coefficient whileghe static angle of repose and
vibrating conveyor experiments are uded the calibration of slidingriction coefficientand
rolling resistanceTo chek the applicability of the parameters found by Groljbé] to CentRec
application, the results of the simulation for a specific case is compared with experiment results.
DEM parametersor threedifferent cases including the parameter set calibrated by Grpbiel
are listed inTable4-3.

Table 4-3 Preliminary DEM Particle Contact Properties.

Case I[77] Case Case lll
Rolling Resistance 0.16 0.16 0.3
Sliding Frictian Coefficient 0.56 0.7 0.6
RestitutionCoefficient 0.46 0.46 0.46

In the comparisonthe simulations are run for a -tPrdiameterreceiver to reduce the
number of particles being simulated. Thus, the rotational speed and the mass flow rate are adjusted
as 170.4 rpm and 0.0327 kg/s, corresponding 66 rpm and 0.218 kg/s for a receiver avith 8
diameter. InFigure4-11, the tip of each curve corresponds the film thicknesglaiilm surface
velocity. Because in the experiment, only film surface velocity could be measured, the comparison
can only banade for the film surface, not for the deeper section of the particleN#man be seen
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in Figure4-11, the caseising parametefeund by Grobbe]77] underestimatethe film thickness
by 50% while it results in 200% higher axial velocitis quite large deviation shows that the
values found by Grobbgr7] arenot applicaple tohe CentRec caswith the assumptions made in
this study The potential reasons of such deviation may be one afsihect belowor combination
of themas of the knowledge of the author.

T
1

Themeasurement of Sauter diameter of particles nuape accurate

Particles used in the previous study and current study might not be the same even if the
particle type is reported &lse same by the manufacturer because they are provided by
the manufactuar in a 5yearinterval

Assumingthewire mesh particle contact as particfgarticle contact may lead some

error.

In the simulation, the stationary particle film thickness is 1 particle diameter (1.2 mm),
whereas in the experiment it is assumed as miesh thickness (2 mm).

There may be slight error due to comparing the simulation results for the scaled down
receiver with the experiment results for the experiment scale receiver

Deviation in the results may occur because tlaeameterswere calibratd in
experiments being different than CentRec experiment.

The reason why there is such deviation may be one of the reasons above or any combination
of themand some other unanticipated reasons. Nevertheless, a new calibration study based on
CentRec expements discussed @hapter3 is done to calibrate a new parameter set.
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Figure 4-11 Comparison of experiment and simulation results for the cases listedbie4d-3.
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In the DEM m@rametercalibration study, the operational parameters are scaled foml2
diameter receiver as described in Chagtér For the calibration, the ranges for 3 DEM patrticle
contact propertes need to be determined. Groblj@l’] found that the particle bulk flow on a
vibrating plate is not sensitive to restitution coefficiéniCentRec, the particle collisions are also
much less dominant thahe particlesliding and rolling due to the dense patrticle pagkirhus,
the restitution coefficient is assumed tathesame as the one of that case to reduce the number of
calibration simulationsin Figure4-11, the results for two other propgres listed inTable4-3
are also presenteBligure4-11 shows that the experimental axial advance and film thickness pair
can be matched by adjusting the slidingtion coefficientand rollingresistance The simulation
with a calibratedcoefficientpair shouldmatchthe experimentalesultsfor all mass flow rate and
rotational speed pairs. Firstly, a representative experiment point beimyn6dnd 0.218 kg/s is
selected to determine the rangdéshe coefficients. The ranges for slidifigction coefficientand
rolling resistanceare found as @.7 1.1 and 0.23/ 0.28, respectively, by trial and error for this
operational pointin other words, the simulatiaesultsfor parameter couples of 0.70.28 and 1.1
I 0.23 match the experimental resuksr rolling friction being lower than 0.23, the simulation
results(film thickness)do not match with the experiment unless friction coefficient is much higher
than 1.In previous calibration studiethe sliding friction coefficientand rollingresistancevas
calibrated as 0.830.17[78], 0.53- 0.37[76], respectively,for differenttype ofsintered bauxite
particles having 0.4 mm of diametdfinally, the intervals for rolling and iding friction
coefficiens arespecifiedas 0.01 and 0.05, respectivelymeans that for each operational point
(mass flow ratandrotation speed), 54 simulations need to belu@haptei3.3, the film thickness
and the gial advance in 1 turn of the particles located at the surface of the particle film is found
for the combination of 6 different rotational speeds and 4 different mass flow rates. Thus, if the
calibration simulation is run for all experiment points, theiltesy simulation number is 54 x 6 x
4 = 1296. In order to reduce this number, only 3 rotational speeds (62, 64 and 66 rpm) and 2 mass
flow rates (0.092, 0.238 kg/s) are considered.

In the calibration simulation, large standadeviatiors in particle axia velocities are
observed. Thus, the film thicknessfor 6 different experiment points are considered for the
calibration.Figure4-12 shows théi b e mint®forthe simulation so that its results match with the
experiment in terms of the moving film thicknebsthe experiment, the moving film thickness is
defined as follows.

0 0 0 (4-8)

The experimentall yo foplotedinFHguré 36 isttheidistknoee s s i

between the tip of thparticles on the free surface atiewa | | . The mésh tilki ckn
assumed as 2 mm, being 2 tintlks wire diameter because of wikaitting, seen irFigure4-10.
However, in the simulation, the mang film thickness is found dsllows.
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0 0 Q (4-9)

1.2

1.1

62 rpm - 0.092 kg/s
64 rpm - 0.092 kg/s
+ 66 rpm - 0.092 kg/s
62 rpm - 0.238 kg/s
0.8 # X 64 rpm - 0.238 kg/s
66 rpm - 0.238 kg/s

+x

0.9

Sliding Friction Coefficient
K+

x+
+

0.7

0.6
0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29

Rolling Friction Coefficient

Figure 4-12 The coefficient pairgbest points)matching the experient(movingfilm thickness)results of the
combination of various rotational speeds and mass flow rates.

The simulatiodb as ed f i | an ot hiisc kt nhees BsEajitder). laFgured-12,
except for 62 rpni 0.092 kg/s, which results in the smallest film thickness, the best points follow
a very similar trend. For 62 rpin0.092 kg/s, the moving film thickness is only280 the mesh
effects maynot be negligible for such a thin film. However, as film thickness increases, the trend
becomes similar for all the best points. If one excludes the result of 6201082 kg/s, the sliding
friction coefficient of 0.81 and the rolling resistance of Oddées the least erroneous result.
Increasing or decreasing the rolling resistance results in a larger difference between best points.

4.3 Comparison of Experiment and Numerical Results

DEM simulations usingthe calibratedparticle contact properties are rurfor all
combinations of rotation speed and particle mass flow rate considered in the experiments. In the
experiment, particles are introduced inib@ receiver with the help o circular shape particle
distributor, as seen ifigure 1-2(b). Thanks tothe rotating particle distributoy particles have
almostthesame tangential velocity withereceiver when they contact the patrticle filHowever,
in the simulationparticles are created in a cylindrical domainrrtb& particle film as seen in
Figure4-1(a) because the scalirdpwn of the particle distributor causes particle clogging in the
scaledown approachAlthough he inlet tangential velocities are similar for bathses,the
location of the first contact of the particles is slightly differédthough this small difference may
have an effect on particle velocity profile and film thicknesar the inletit is assumed that this
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effect is norobservable inthe mike cei ver wher e particleds axi al
the exit where film thickness is measured.

In Figure4-13, the moving film thickness found by experiment and simulation is compared
for four different fow rates.Note that the experiment scale receiver has a diameter of arftla
length of 1.2m while simulation scaldas adiameterof 0.12m and a length 00.18 m. The
rotational speeds and mass flow rates presentdeigure 4-13 and Figure 4-14 are adjusted
accordingly based on the scale down methodology for simulation CHsesumericalmodel
estimates the experimental film thickness very watthe axial measement levefor not only the
flow rates considered in the calibration study being 0.092 kg/s and 0.238 kg/s baitha¢deer
flow rates resulting in thicker film&igure4-14 showsthe comparison of axial veldgiat the mid
level found by simulation and experiment. The results are in good agreement for the lowest mass
flow rate. However, for highamass flow rates, the simulation preditite velocityaround 20%
smallerthan the experimeribr the complete rangef rotational speesiexcept for 67 rpm/sAs of
the knowledge of the author, there may be 2 main reasons of such discrapeniisst reason is
that in the simulations it is observed that as rotational speed increases, the film thickness at the
mid-level fluctuates with timeThe fluctuationf the film thicknessn the midlle of the receiver
also cause the fluctuations in the axial velocity profile. Althoughsiimeilationresults are found
by time averaging over 200 turns, ttéctuations are notggiodic for all cases. Thus, this effect
may create some error in axial velocity found by the simulations. However, this effect hardly
explains sucla big deviation. The second and more probable reason is that the manufacturing
tolerancesn the receivewall may cause that the axial velocity profile is not sinfibarall regions
of the receiver in the tangential directidRecent experiments conducted in ynlight solar
simulator facility located in Juelich/Germany shows that there arevédocity and highvelocity
regions over the circumference of the recejv8i. The reason of sudlow behavior has not been
revealed yet, buthe effect of manufacturing tolerances in the cavity wall and the wire mesh
arrangement on the particle velocity and film thickness is currently investigatexssdarchers.
The simulation modédhattakes such details into accourst addressed as a future study.

EXperiment e Simulation

Moving Film Thickness (mm)
O P N W b 01 O N
Moving Film Thickness (mm)
O R, N W d 01 O N @©

62 63 64 65 66 67 62 63 64 65 66 67
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5. NUMERICAL THERMAL MO DEL

Some of the contem this chapters published by authors including the thesis author:

E. F. Johnson, S. Hicdurmaz, R. Buck, and B. Hoffschmid2022. Beam radiation
penetration in particle beds for heat transfer modeling of a centrifugal solar particle receiver
Journal of Quantitative Spectroscopy and Radiative Transfervol. 295, no. 10848.

The content of the journal paper, not created by thesis author directly, ias{Béfiwhile
the content createtirectly by the thesis author is not cited in the thesis.

To model heat transfer in the contexif particle flowsis of great interesto several
industriesincluding nuclear pebble bed react@®&, 82] fluidized bedq83] andlaser sintering
technology[84]. In recent years, thermal modeling of partiblesed CSP systemssiaeen also
investigatedoy researchers to optimize the thermal efficiency of solar particle rec§der85,
86] and particle heat exchang¢B3-89]. In the development of thermal modébr particle flows,
althoughmodelsareutilizedto calculateheheat transfer @heparticle scalehulk scale approaches
are also very useful, especially ingnantpacked beds. An effective bulk thermal conductifaty
a stgnantbedis broadly investigated fdhe bulk region[90], where walleffectson the particle
packing are negligible, andhe nearwall region [54]. This thermal conductivity is mainlha
function of particle and fluid thermal properties, particle size and temperbadeorosityand
pressure. Zehnest al.[91] developed a bulk thermal conductivity modaliso known as ZBS
model andeingapplicable to signantpacked beds, by considering two touching half-perfect
sphers in a unit cylinder. Later, the modelasimproved in a way that includes pressure and
radiation effectd92, 93] andit was validated byseveralstudies forthe bulk region[81, 90}
However, in C® applications using solid particles as heat absorption medium, particles are moving
in dense[94] or dilute [49] regimes.Thus, models developed for gteantbeds are not directly
applicable to moving beds due to continuously changing packing strutdrearticle mixing
effect.For this reason, particle scale heat transfer modelstéimed in movingparticlebeds In a
particle bed, the heat is mainly transferred via the mecharlistad below and labeled with
numbers shown ifigure5-1.

1 Particlei particle conduction

o Through contact argd)

0 Through interstitial fluid2)
1 Particlei particle radiatior(3)
Particlei fluid convection(4)
1 Particlei wall conduction

o Through contact arg®)

o Through interstitial fluid6)
1 Particlei wall radiation(7)
1 Walli fluid convection(8)

=
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1 Inner particle conductio(®)
11 of ]
2
@ |
2 Q

Figure 5-1 Schematic view of particle scale heat transfer modes.

To model particlg fluid heat transfer in DEMbased particle sialations, CFD coupling
is often employed95, 96] In this approach, the heat transfer between pa#diadets surrounding
fluid is calculated by an interphase heat transfer coeffidie@entRe¢particlei fluid convection
is considered as twseparatanechanisra 1. The onvection heat transfer between particle and
interstitial fluid filling the void between particles, 2. The convection heat transfer between particle
film as a bulk and circulatingir inside the rotating cavityThe second mechanism, being
convection losfrom cavity receivers, is discussed in detaildhapter5.4. However, the first
mechanism is notnodelledin this study for several reasons. a rotating particle receiver
(CentRec)it is assumed thahevelocity field for m@rticles and interstitial air is similar, especially
in thetangential direction. However, there may be some relative motion of air in radial and axial
direction because of temperature gradients in the particlelfilmther words, the heat may also
be cawvected inside the film by mass transport of air. Herghduldbe stated thator small
particles (~1 mm of diameter), the interphase heat traoséfficientis relatively high46] so that
temperature distribution of air and particle phase can be assurmeitgshesame Although high
interphasdneat transfer coefficieatncreasehe role oftheheat transfer by air mass transport, due
to the fact that thermal inertiad ) of air is much lower than the oneagarticle, the heat loss/gain
from/to particles due to this mechanismis nagllgl vy s mal | dur i ngtimeihe part
the receiverlt should also be noted that the effect of this mechanism is proportional to the air
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relative motion in radial and axidlrection.However, in a relatively packed film, the presence of
particles also makes air motion difficulthus, it is assumed that the movement of air has negligible
effect on particle temperature distributjoand heat is transferred via stationary fluid by
conduction A more detailed investigation can be ddoyemodelingthe air side flow with DEM
CFD modeling approactiowever,doing thisis avoided hereSimilarly, wall-fluid convection is

not modelled in this study by assuming wall to bed heat tratsteapperonly due to radiation
and conductionThe otherheat tansfermechanisms listed above are discussed in detail in the
following subchapters.

In the literatureseveral thermal models have already been implementB&Rkbd codes
However, they have some limitations and inadequacies in ternesbfransferelatedsubmodels
being employedLIGGGHTS® - Public which isalso usedo modelcold particle flow in this
study, only considered the particleparticle conduction via contact area, whichmsich less
dominantthan particle fluid - particle conductiondue tothevery small contaatadius[62]. There
is also no radiation model implement&bcky DEM®, a commercial software, also suffers from
same limitations. Only conduction via paltiparticle contact area is modelled ltthis time
load appliedon particles is also taken into consideratjer]. MFIX [98], being another open
source code, lacks a proper documentation ofh&#t transfer modelsTo eliminate tlese
problems researches generally developed their-house thermal codes and couple them to DEM
solvers[95, 99] Grobbel[60] developed a thermal cedapplied to particle flows under vacuum
condition. Inthe absencef interstitial fluid or at very low pressures, conduction througa
contact area become more dominant. Because it is hastittatehe contactadiusbetween non
sphericaltouching particles, Grobbe[60] used ZBS modelwhich was also tailored for nen
spherical pdricles, to derive a correlation for particle scale heat conductaHogever, this
approach requires cumbersome numerical calibration in.gRecently, Johnson et dl100]
published ammpen source thermal code for granular fldavbe used in particle heat exchand®rs
considering particle scale radiation and conduction for payigigécle and particlevall
interactions. Although, the complete model is validated by experiment, thecjgaconduction
model may contain some errpiEnd it was pointed out as future wofkO1]. Moreover, the
implemented radiation model is derived floebulk region but intheCentRec application, the wall
effects, affecting particle pking structure, is not negligible

In the development dafhe heat trasfer modelsbeing applicable to DEMpr the solar
particle receives; modellingdirect solar irradiation reflected by mirrassthe essential part of the
thermal modelsTo do so,ray tracingbasedapproachesare utilized to distribute the solar
irradiationto individual particleg60] but the computational burdés generally so higithat it is
not easily applicable to large scale receivefisr(#lion particles).Moreover, due to temperature
gradient in the particle film, there is radiation heat exchange by emission. If the thermal radiation
from a particle iglirectedtonearbypartc | es or wal | , riatngies tdha&lr i mad asa
However, there is also radiative heat exchange by emission between hot and cold regions of particle
film and large surfaces of the receivkre tohollow cylinderlike particle filmshapean CentRec
Thi s mechani sm-riasn gea ltlheed nidohte Gaidomraygiracingo(MORT)
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methodbased algorithms have been developed to model thermal radiation in particle beds for
spherical, monodispersed particles and-participating fluid phae[60, 102, 103] The general

idea of MCRTFbased algorithms is to find the view factor from surface A to surface B in a statistical
manner. Rays generated with a random direction and position on surface Alaé &iang their

path to check if intersection on surface B occurs. Simply, the ratio of number of intersected rays to
total number of generated rays gives the view factor from surface A to B for a sufficiently high
number of rays such that the ratio isependent of ray number. However, trackthg rays of

which number is an order of magnitude higher ttfeparticle numbers also computationally
expensive

In order to address these points, a complete thermal model is developed along with
CentReespecific assumptions to reduce the computational burddre thermal model is
developed in MATLAB withits core functions. Thus, there is emay coupling between
LIGGGHTS and MATLAB such thathe MATLAB -based thermal model has no effect on
LIGGGHTS-based old patrticle flow.The %, y- and z position of each particle in each thermal
couplingtime step is stored ia.txt file and used as input thethermal modelThe main advantage
of such coupling is that various solar flux distributions can be applighe same particl@acking
configuration without runningthe DEM side repeatedly. Duringnaoperationday, the flux
distribution onanaper t ur e pl ane may change with sunos
outlet temperaturd hus, many flux distbutions varying in a daytime can be applieédtaoving
particle film to monitorthe time-dependent particle outlet temperatusewever, a recent study
hasshown that for relatively small size ceramic particles, particle DEdtactproperties like
friction coefficient and rolling resistance change with temperglid4]. The measurements were
done for a single particle type and size so temperature depgradddeM parameterfor different
material composition, particle size and shapestill an open guestion. Moreover, the physical
explanation of such phenomena is stiltevealed. Thus, ongay coupling is still preferred for the
abovementioned advantagethis study but it is possible to embed the develdpednalcode to
open source DEM codes iotegrate it to commercial software via User Defined Functions (UDF).

5.1 Radiation Model

The radiation heat transfer is the main heat transfer mechanism inntiRe€Céecause the
particles arenostlyheated up by the solaradiation while they lose energy thermalradiation,
convection and conductioithere ardwo main radiatiormodeling effors for the CentRec. The
first is themodeling of solar irradiation. Tie solar rays crossing the aperture plareeither
absorbedy the particle filmor reflected to other sectisof the particle filmor the large surfaces
of the receiver like particle distributor plate amag-shapedcollector plate paperture planeas
seen inFigure5-2. Depending on particle bulk reflectivity ammévity wall reflectivity, the rays
may be reflected several timi@side the cavitylf aray leavethe receiver from the aperture plane,
itisconside ed as fAr ef | rays absoobad by thearscie film aredmedelled witha
ARadi ati on p e(@hapters.4.1). Owothe otiher laad, réflections inside the caaity
modelled withtheA Re f | e ct i o nermhh3l Ehe secofdCddiatiopmodeling effortfor
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theCentRec is the thermal radiation driven by temperature differbtadelling thermal radiation

as two separate mechansnamely,fishortrangeandfilong-rangeradiation & a useful approach
Each mechanism is modeled separately in Chaptér8and5.1.4 The net thermal radiation into
theaperture plane is considered as sfianinssgiges 0 n
the total radiation loss.

i :
‘t’F &
: :
— EE % o)
o i M S
S |38 Hmo | &
= o H = =
-— | 3 tf3 ¢ w
o B HY | =
= = Ei: & o
% o ff :8 = ~
= @ S
i i-
=) 1 :g
f =

Figure 5-2 Schematic crossectional view ofhe CentRec along with the representative rays: (1) solar irradiation,
(2) reflection to other pasf the particldilm, (3) reflection to particle distributor, (4) reflection to collector ring, (5)
reflection to aperture, i.e. reflection loss

In this work, reflections and emissions from the particle surface are assumed as gray and
diffuse for ceramic particles with @ull and rough surface. Thus, throughout this work, particle
absorptivity (b) is assumed to be equal to particle emissiwiy. Because ceramic particles are
opaque, the particle reflectivity is found as (3) or (1- Xp). Note that gray and diffuse assumption
holds for the individual particle surface, but not for the pkrtiilm surface.

5.1.1 Radiation Penetration Model

In the CentRec, the solar irradiationvhich canalso be referred toas external beam
radiation,crosses the aperture plane and strikes the moving patrticle film. The radiation penetration
model is developed tiind the reflections from the moving particle film and the beam propagation
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inside the film.External beam radiation applied to particle beds has been studied by several
researchersumerically[84, 105107]and eyerimentally{108-110], mostly for the application of

laser sintering of metallic powdei/hile in most studies, reflections from nbtack particles are
modelled as specular, Singh and Kavifl§6] found thatdiffusely reflecting particles result in a
lower bed absorptivity thaspecularlyreflecting particlesGusarov{84] used MCRT to find the
radiation penetration to ordered structured beds such as Body Centered Cubic (83) In

some experimental studi¢s08, 110] the bulk absorptivity/reflectivity of metallic powder beds

are measured while some othg89] measured radiation transmission throagbacked bed to
correlate raditive thermal conductivity. However, there is no studyfocusing on
absorption/transmission behavior of external beam radiatitn various incidence anglen a
randomly generated particle heahdfor a wide range obed porosityand particle absorptiwt
Because running MCRT for particle beds composed of more than hundreds of thousands of
particles is not practical due to excessive computational burden, an additionat@ibatible
radiation penetration model is addressed in this study. The model@smsaidence angle of the
beam (b), p a r tih)iand selid wlonsedracpon of particle befd for a randomly
generated bed.

5.1.1.1Model Development

An open sourc®ICRT codeto be used in derivatioof the new modelvas developednd
validatedto simulate externgparallelraysby Johnson et aJ80]. The incidence angle is defined
as the angle between the ray direction vectorthedurface of the particle bed, as seekigure
5-3(a). Because the bed packing structure is diregtidapendent for lateral directions, there is no
need to considethe azimuth angle. IrFigure 5-3(b), a trajectory of a single ray is shown for
speallarly reflecting particles. Note that the nature of reflection (diffuse or specular) can be chosen
by theuser in the code

Photon
emission area

Incidence
angle (B)

(@)

Figure 5-3 Photons striking particle bed in MCRT, showifaj general geometrynal (b) arayreflecting specularly
many times beforbeingabsorted
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In this studythe particle bed is characterized by a solid volume fraction of thefhed ¢
generate the randomly packed particle beds two approdeletope by [80] are followed For
packed bedfs H).55), many particles (~100,000) are generated in a DEM domain and allowed to
come to rest, in the presence of gravity, against a Wadl.bed thickness is set as higher than 10
times of particlediameter so that wall effects are eliminatBgl.changiry DEM particlecontact
properties such as rolling resistance, one can olithetween 0.55 and 0.64. For dispersed or
dilute bedsfg< 0.55) particles with initial velocity are first inserted it DEM domain of which
boundaries are periodic, i.e. if a particle leaveshinendary of the domaijnt reappears in the
oppositeboundarywith the same velocity. Then, particles are let to movihe domairwithout
the effect of gravityThanks to elstic particleparticle collisions, the total kinetic energy the
system does not changgh time. In other words, particles move in the domiaidefinitely. After
some time whethe effect ofinitial particle configuration i€ompletely invisible a snashot of
particle position is exported. At the final particle configuration, the local solid fractibe $ame
everywhere, thus a uniform solid fraction bed can be obtaBydhanging the initial particle
number or domain volume, one can obtain faesgnaller than 0.55.

The bed absorptivitylhed is a crucial parameter for particle receivers because it directly
affects the receiver thermal efficiendyow Ubeq leadsto more reflection losseJo find Useafor a
particle bed one needshe solid fracton of the bedf), beam incidence angle band particle
absorptivity/emissivityU). Johnson et al80] found the bed absorptivity fearious combinatios
of these three parameters of which values are listed as:

1 fs 0.10, 0.20, 0.30, 0.40, 0.50, 0.55, 0.60, and 0.64
1 b 15, 30, 45, 60, 75, 9fegrees
T Uy 0.20, 0.40, 0.60, 0.80, 1.00

In Figure 5-4(a), it can be noticed that the bed absorptivity is increasing with particle
absorptivity for all solid fractions, as expected. Moreover, the solid fra&ction i mpishighea n ¢ e
at lower particle absorptivity. Ifrigure 5-4(b), the relation between incidence angle and bed
absorptivity is shwn. The incidence angle has very small effect on bed absorptivity for values
higher than 60°. However, in CentRec application, the incidence angle mostly varies between 15°
- 60°, thus incidence angle has awggligible effect on bed absorptivity.

After finding what portion of external beam is absorbed by the bed, the next &tdmds
the beam propagation length. In MCR@sed simulatiora number of parallel rays are generated.
In order to plot the transmission cunwvethe depth direction of the bednabsorption location is
needed for each ray generat€de first andnore realisticapproach cal | ed as MfAabsor
met hodo, i s absorptioslaeatian lof@ prapagatiogtay on theparticle surface.
However,in many DEM simulationsthe particle temperature is assumed as uniform, i.e. no
temperature gradient within the partidleus a single temperature information is tracked for each
particle. To make MCRT results more applicable to current DEM simulations, a second approach,
caled as fiparticle center methodo, where partic
be usedFor thecasesvhere rays penetraterough the beth a specific direction like this study,
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there is dittle difference between transmission curgeserated by these two methadthough

the slope of the curves are simjlas can be seen Kigure5-5. However, due to inner particle
conductivity and dynamic nature of particlésgs difference can be ignoredCentRec application.

A more detailed discussion can be found in Chapi213 Note that de to bed reflectivity, the
transmission aterodepth is some value below [h. Figure 5-5, the zero depth corresponds the

position of center ofthe topmost particle plus 1 radius other words, the tip of the topmost

direction Thus, there is no absorptionteef i r st 1 radius for dAparticl
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Figure 5-4 (a) Bed absorptivity for various particle absorptivitesandsdl f r acti ons for b = 45

a MCRT simulation resulind lines representing best curvs (i) bed absorptivity at various incidence angles and
solid fractions, for a particle absorptivity of &D].

In Figure 5-6, the effect of particle absorptivity on transmission behavior for many
incidence angles are presented. It can be noticed that the transmitted fraction of beams is almost
linearly decreasing in dép direction if logarithmic scale is considerdgbr high U, values the
effect of incidence angle on transmitted fraction is more prominent

1E+00
—Absorption Location Method
—Particle Center Method
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Figure 5-5 Transmitted fraction of incident radiation at various depthsisf0.60,0, = 0.6Q0 b =Fedakd blue
lines show results by peptocessing the MCRT results with two different methi@3.
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Figure 5-6 Transmitted fraction fofs =0.20, with(a) U, = 1.00, andb) U, = 0.20[80].

By applying MCRT to any uniform solid fraction heshe can estimate the absorption of
each particle in the bed based on their distantieetop of thesurfacg80]. Howeer, in CentRec,
the solid fraction is fluctuating due to layering efteat the wall(blue line inFigure5-7). This
happens when the patrticle film is thin enough that the local solid fraction does not convkege to
bulk solid fraction before the top of the filralowever, an effective bulk solid fraction is needed
to estimate bulk absorptivity and radiation penetration beh&mwnin Figure5-7, this effective
bulk sold fraction is found by linearly interpolating between two sequential maxima or minima
(black dashed lines), and then the center point is found between that line and the opposing
maximum or minimum (red dots). Five of these mean values are found, andahesnt&ken to
find the effective bulk solid fraction, shown as the red dotted line. This approximation technique
gives an estimation of the solid fraction to which the bed would converge if it were thick enough
to reach a bulk solid fraction. Using a thiarticle film raises the question of whether the
transmission curves developed for thick beds are valid, or if the layering effects against the wall
change the transmission curve too much to be useful. To investigate this, the transmission curves
for bedswith thicknesses of 4, 6, 8, and 20 radii are showRigure5-8. Each curve starts with
the free surface at 0 so the shape of the curves can be easily compared. The curve for the very deep
20 radii thick bed (blek line) represents a thick bed, and there are newalheffects visible. The
curves for the 8 radii thick bed (red line) and 6 radii thick bed (green line) are nearly on top of the
thick-bed line, showing the behavior is essentially the same as tipebéelecase. For a bed
thickness of 4 radii (blue line), the layering of particles and the oscillations in solid fraction cause
some strange changes in curvature. Thus, it can be concludéat filats thicker than 6 radii, the
transmission formulas degd for the bulk regiosan be utilizedThis constraints not a problem
for CentReas the film thickness is always greater than 6 radii.
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Figure 5-7 Local solid fraction distribution of a particle filmken from CentRec simulation and péakalley
approximation (black and red dots) to find effective bulk solid fraction (red dashedZare)depthcorresponds the
topmost particle plus 1 rads.

As a first step in the algorithnthe Useqis foundby usng U, fsandb as described above.
Though the bed is relatively thin, MCRT modeling showed the portion of incident radiation
penetrating entirely through the film to the cylinder wall was less than 0.01% for the CentRec case,
so it is assumed that all agre either absorbed or reflected from the bed surface.
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0.8 ——Thickness = 6 radii
——Thickness = 4 radii
S
3]
& 0.6
LC
el
b
£ 04}
C
&
'_
0.2+
0
0 8 10

Depth from free surface (radii)

Figure 5-8 Transmission curves for particle films with a thickness of 20 radii, 8 radii, 6 radii and 4 radii, with
particle emissivity of 0.86.

To dstribute the energyjo the particlesn a realistic mannethe algorithm relies on two
distincts of the transmission curve, as showRigure5-9. The fAnonlinear o tran
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visible between 0 and 2d&awhere the transmission curve (red line) decays in a nonlinear fashion,
whichis mainly due to the increasing solid fractiontims interval At depths greater than 2 radii,
transmi

the Al inear o

Ssion

r e gi oanexposentslaecay,

but it appears linear when plotted using the natural log on-#éxésy

The

t r ans mi s snonimeadcegion Vs dittedwith a #"foreler Golynomik(Eq.

(5-1)), while the curve inhielinearregion starts at the transmitted fractiordat 2 radii ) ¢ )

and decays with &near coefficientii b 0

(6-B)q This twopart curve fit is foundor each

combination ofsolid fraction and indence angleand the coefficientare shown in Table A.1 in
the Appendix section, for a particle emissivity of 0.86 to represent sintered bpd{itd he
coefficients for other particle emissivities can also be derived by using the publicly available code

[111].

The particle film is divided into many layers parallel to the wall, each with thickndss of
wheret is smaller than the particle radiuherefore, the radiation absorbed by each layer is the

difference betwen the transmitted fraction at the top (depitt) @ind bottom (depth af+t), shown

in Eq. (5-3). In these equationg] is the depth coordinate in units of radii. Similar to the
transmission curves shown throughthis work (e.g Figure5-9), the transmitted fraction at the

surface is equal to the bed absorptivity (1t =| ).
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Figure 5-9 Two distinct transmission regions:-Pradii) a nonlinear decay; {2 radii) a linear decay for 90° of
inciderce angle, 0.64 of bulk solid fraction and 0.86 of particle emissivity.
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In CentRec (and other realistic particle beds) some particles often sit up higher than the rest
of the bed, not settling perfectly due to partipbeticle friction and the dynamic naeuof the
CentRec systemas seen ifrigure 5-10. Because the rays strike the film from the top surface,
handlingt h e s e pastipes is srecialFurthermore, in CentRec the thickness of the patrticle
film changs both in time and in they plane, makinghe energy distribution algorithmmore
challenging than in beds with a uniform solid fraction. The algorithm is developed to calculate the
energy absorbed by each layer, and then the heat in each layer isitdidttdall particles based
on their solid fraction inside the layer. To define the surface of the particle film, the depth of O is
defined as the cap of the highest particle (or equivalentlyGehter of the particleurthest from
the wall plus 1 radiys

Figure 5-102D view of particle film with norflat free surface due to sparse particles slightly sitting up higher than
therest of the bed

Based on the transition between fim@nlinead andflinear regions being at 2 radii, it is
assumed that the layers containfagshadedparticles- those which are not shaded by others and
are directly struck by incident radiatieexperiencénonlinead transmission decajpeepetayers
containing shaded pé#&tes experience linear transmission decay. The number of unshaded
particlesis estimated with Eq5-4), wherea anda are the length of the film ithe transverse
directions, and and™Q are the particle radius and bulk solid fractimund as inFigure 5-7.

The correction factoc is to account for rays approaching at an angle other than perpendicular to
the bed.

aa . (5-4)

As theincidence anglbecomes more acyfearticles tend to shade each other more, so the
number of unshaded particles decrea3estake this effect into account, a correatifactor is
foundby using five benchmark particle configurations taken from CentRec simulations (€ases |
V from

Figure5-12) for various incidence angles, and the fact expressed in E@5-5), where
T is the incidence angle in degsee
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The algorithm estimates the energy absorbed by each layer by distributiimphiieean
andflinear portions of the absorption among the applicable layetakdis into accourthe sparse
particles on the film surface by using the fractions of shaded and unshaded particles contained
within each layerusing the methods describegldow.

First, he number okachtype of spherical segment of unshaded particles in each layer is
found. By definition, a particle can have fractiong2r/t) number of layers. For exampié the
layer thicknesss t=0.1radius a particle is representdxy 20 different spherical segments, as can
be seen irFigure A1 (in Appendix section)in this particle, the particle center is found on the
boundary between layer 10 and 11. However, in rpamticle systems, the layering starts from
the tip of the toprost particle, so the centers of other particles may be found within a layer (not at
a boundary), which is not convenient for the subsequent steps in the algdigtieiminate this
problem, the particle center is shifted to the closest layer boundartheretore each particle is
sliced in exactly the same way, intdtXections. This is an acceptable approximatiaq<f .

To deal with the sparse particles, the séimanlinead transmission curves are used as for
the bed with a uniform solid fractioi¢.(5-1)), but it is distributed over the highest,, particles.
The absorption in layekis 3 as shown in Eq(5-6), which distributes the absorbed heat in
each layer{ ) from the derivation case (uniform solid fractions, &eg3)) to all layers according

to the layer depth 6F——, wheret is the layer thicknes3 he layer number corresponding to the

cap of each unshaded particl&ls The value ofQ is only defined for unshaded particles, and for
k<k.the temn is equal to zero, meaning that the lay& above the cap of the particle so no
radiation isabsorbed. Eq(5-6) is applicable to all layers becauge is defined for both
Anonl i nielairme aarnad p &Ed.(5-3).cAR example caltulatiomis performéadthe
Appendix 2

. p Q Qo (5-6)

5.1.1.2Model Validation and Application

In this section, theadiation absorptiomlgorithm is applied to the CentRec receiver by
utilizing the particle positions inside the receiver, which have been found previously udihg DE
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modeling. Furthermore, MCRT simulations are run for the same sets of particle positions, so the
accuracy of the algorithm can be shown under various conditions.

A reader may wonder if the algorithm developed is necessary, or if using a less detailed
approach would suffice for assigning heat to particles at different depths. In CentRec, the particles
on the surface of the particle film have a high velocity compared to the particles at the wall, which
are nearly stationary. Thus, the depth at which tleequis are absorbed has a large impact on the
temperature profile in the particle film, the total heat absorbed by the particles, and the overall
thermal efficiency of the solar receiver. Therefore, an accurate model for radiation penetration is
critical for the CentRec design.

Before applying the algorithm, the particle domain must be prepared in severadnsles.
the receivera thin moving particle film descen@songthe cylindricaly shapé receiver wall.
Because the receiveratneter to particle draeter ratio is very high>00), it is assumed that the
receiver wall is flat relative ta single particle making the tables and equations developed in the
previous sections applicabl€he algorithm and MCRT simulations are best compared when the
domaini s fl at and rectangul ar, so the cylindric:
from the cylinder wall becomescmponent of the particle in a Cartesian coordinate system. This
forms a rectangulashapedarticle domairwith the overallk andy dimensions being the cylinder
length and circumference. The rectangular domain is further reduced to a square of 50 x 50 particle
diameters to reduce the amount of computation necessary.

After these modifications, the absorption algorithm can be apti¢he particle bed, and
a direct comparison can be made against the results from a full MCRT simulation. Because much
of the algorithm difficulty lies in the simulation of the sparse particles, an initial simulation is set
up to assess the accuracyhsd ailgorithm under several different configurations of sparse particles
along the surface of the particle bed. The particle beds for five different cases are generated by
starting with the same particle position snapshot, but all particles above a tifeareinare
removed in each case. Case | is the original set of particles with no particles cut off, and cases II,
[ll, IV and V are obtained by removing all particles having their centers located above 0.6, 0.8, 1
and 1.2 radii from theriginal top leve| respectively In Figure 5-11, this can be seen in the
different sizes of the hump in the local solid fraction nearest the free surface, while the solid fraction
is unchanged deeper in the bed.

As shown in

Figure5-12, the model shows a very close match to the MCRT results, for all five cases
and six angles studied, especially up to the first hump in the local solid fraction. The algorithm
results deviate slightly from th&CRT results after the first hump, with the transmission
overpredicted for low incidence angles {L&nd underpredicted for high incidence angles)(90
From Case | to Case V, the particle density near the top of the film decreases, resulting in a lower
local peak in solid fraction distribution and a corresponding increase in penetration depths moving
from Case | to Case V. Moreover, the penetration depth is lower for low angles because rays have
a large lateral component and a smaller component in fite deection. As shown in
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Figure5-12, the current model slightly ovgaredicts the transmission for all angles in Case
I. The reason why sharp changes in deviation occur mostly at the hump location, not between
humps, is that the absorption location is considered as the particle center, and the particle centers
are most likely present at the hump in the solid fraction. Although there are small deviations
between current model and MCRT results for all cases, this & considered to be in an
acceptable range for the CentRec project model, especially given the large savings in computational
cost compared to a full MCRT simulation. Moreover, in CentRec, rays with various incidence
angles strike the film, so the shnerrors tend to counterbalance each other.

1.0 = _ |
Same for all cases — Case |
| —Case I
08r : —Case Il |
': Case IV
5 | —Case V
.0 :
©0.6| |
o .
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Figure 5-11 Local solid fraction distribution for five different sets of particle positions generated by removing a
number of particles from top surface. THenfthickness is the-2ocation ofthetopmost particle center plus one
radius whereas 0 depth corresponds to wall.
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Figure 5-12 Transmitteccurve andocal solid fractiorat depths in particle bed, for shcidence angles. CaskV
represent the original particle bed and beds where a layer of thickness 0.6, 0.8, 1.0, and 1.2 radii has been removed
from top, respectively.

Next, results from thalgorithm are compared to the MCRT code in four different realistic
particle configurations obtained frofiour different DEM simulations of CentRedifferent
operational parameters, i.e. rotational speed and particle mass flow rate, yield different film
thicknesgsfor each case, as can be deducted from the depth from free surffagerab-13. On
the uppethalf of the circumference of the cylinder, the particle film surface points downward, so
gravity causes thi@m to become less densely packed than at the bottom of the cylinder. Thus, two
particle domains each are taken from the lower region (cases CR1 and CR2) and upper region
(cases CR3 and CR4) of the cylind&s. shown inFigure5-13, the domains from the lower part
have a bulk solid fraction of 0.53, while those from the upper part have a solid fraction of 0.48.
Unlike the previous test, no particles are removed from the top surface.
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Figure 5-13 Transmission curve and local solid fraction, forigisidence anglesCases CR1 and CR2 are from the
bottom part of the receiver circumference, and CR3 and CR4 are frdoptpart of the receiver circumference
(Legend same as

Figure5-12).

The model predicts the MCRT results very well up to the first hump for all cases. Note that
a significant portion of the energy is absorbedhis tegion, especially for low incidence angles,
which helps the overall accuracy of the model. For thedasked cases (CR3 and CR4), some
deviation can be seen after the first hump, especially for high incidence antie<CémtRec, the
majority ofincident radiation strikes the lowbalf (more packed part) of the receiver due to the
angle of the receiver in relation to the heliostat field, so this already small error will not lead to
significant errors in the CentRec model. Overall, the algorittodyces transmission curves very
similar to the MCRT model, even in these challenging cases with a fluctuating solid fraction, and
the results are considered accurate enough for the needs of the CentRec heat transfer model.

Finally, a realistic distributio of incidence angles striking CentRec is considered, as rays
coming from the heliostat field enter the CentRec aperture at various angles. Previous work has
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given the distribution of solar flux at various incidence angles to the particle film for a
repregntative case, as shown kgure 5-14. For the same four particle beds (CR1 the
combined transmission curves are found using this weighted distribution of angles, using both the
algorithm and MCRT, as shown biye red lines and black lines, respectivelyFigure 5-15.
However, computing the combined transmission curve in this way requires running the algorithm
for each incidence angle, which still carries some compu@tiburden. Therefore, a single angle

is sought to represent the angle distributiahich is taken as thghotondensityweighted sinus
average

i OET B OE1l (5-7)
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Figure 5-14 Incidence angle distribution on thecedver wall in CentRec.

Therefore, the algorithm only has to be run once, and the resulting transmission curve (blue
line) matches the weighted average (red line) very well. Moreover, the algorithm estimates the
MCRT results with a very slight error foredhrepresentative cases considered. Thus, a-sinus
averaged incidence angle for a particle domain can be used to find the absorption of particles with
very low computational cost, and it is implemented within the larger DEM heat transfer model of
CentRec.
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Figure 5-15 Comparison of MC results and algorithmased results for four different CentRec simulations.
5.1.2 Reflection Model

Whennonblack particlesare used in CentRea portion ofsolar flux striking the particle
film is reflected. InFigure5-4, the relation between particle absorptivity and bed absorptivity is
revealed for various incidence angles. Thus, careestimate the bed absovti and eventually
bed reflecwity for a given incidence angle and partialesorptivity Although particle surface is
assumed as diffuse for emissions and reflections, it should be checked if the assalsyitioids
for the particle flmsurface In a previous study of the auth¢t12], it is found thatf diffuse
reflection from the bulkis assumed for CentRgthe reflection loss througthe aperture is
underestimated by 50% compared to MCRT restiliss is mainlybecause the surface of the film
is notflat, it consists of many spher@dus, the reflection needs to be modelletheslenceangle

dependentTo do so, a reflection model accounting for zenith and azimuth angle dependency of
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reflected rays is addressed in this stidye azimuth and zeniingledor a local coordinate system
are shown irFigure5-16. For the model derivation, firstly,nch of parallel rays are created with
the help of MCRT, and sent &particle domain likeepresented ifigure5-3(a). However, in this
time, the vector representation of reflected rays which leaves the domain is found

Figure 5-16 Thelocal coordinate system to be usedhereflection model. Azimuth anglaf) varies between 0 and
2. Zenith angleq) varies between 0 arid2.

In Figure 5-17, the rays reflected from the particle film surface are plotted along with
generated rays for three different zenith angles. Natealthough a 2D projection of the domain
is plotted, reflected rays travel in a 3D domain. The generated parallel rays have an azimuth angle
of 180° so they lie on the xalane. FromFigure5-17, it can be notied that as zenith angle of
generated rays increases, the rays are less likely reflected to the opposite side of the film. In other
words, due to the spherical surface of particles, rays are more likely bounced off back as zenith
angle increases. It shoul® noted that rays can also leave the domain after several reflections
within the particle film.

In Figure5-18, a more detailed look to the directidependent hemispherical distribution
of reflected rays is repsented for several zenith angles of generated Fagare5-18(a) shows
that if generated rays are sent to a particle film wjth= 85°, the most rays are reflected with
relatively high zenith angles (60°o%s < 80°), and the density of reflected rays are higher around
azimuth anglel ) of L 80 A, which equals the agm Aswgnh angl
decreases, seen Figure 5-18 (b) and (c),orf also decreases to some extent. Moreover, the
distribution of reflected rays becomes more uniform in the azimuth directionogkor 0°,
representing generated rays perpendidoldine particle film, the rays are reflected mostly around
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aref = 45° due to spherical shape of particles, as seBigure5-18(d). Furthermore, fobgen= 0°,
there is no dependence on azimuth angle for refleated

(©)

Figure 5-17 Representation of generated parallel rays (red) and refleftammghe particle film (black) fo(a)
2=10B)A=45A)@a7m80A. The bl ue sdéentes represent part:

To later use in the modelling, directioiependent hemispherical distribution of reflected
rays is found for a range of @ 2gen O89° with 1° intervals. No solution exists fogen = 90°
because the genated rays are parallel to the surface of the particle film for that kmseover,
there is no need to consider differedn because the particle film assumedo beisotropic in
terms of packing st reusdireatlydee n d e hgh, Soaderiaation thiar e c t i ¢
ref er en c gniseralgh. &he oebultadt reflecion mafidd has a di mensi on
x 90 such that the first dimensionois;, the second one ther, and t h egentTheimatdx one i
elements corrgond theeayd e nsi t y f oefandoepandmivesogen o f  d

The main reason of deriving the reflection matrix is to avoid running the costly MCRT
algorithm. To do so, it is assumed that the reflected radiation is exchanged between discrete
surfacescomprising the particle film surface, not between individual particles. For this purpose,
the particle film is discretized in axial and tangential directions into many rectaipgisiar shape
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discrete volumes, as seenfigure5-19. The radiation exchange occurs between inward surfaces
of discrete volumes.
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Figure 5-18 The hemispherical density distribution of the reflected rays. The generated parallel rage &zweuth
angle of 1807

Theradiationmodel accepts useatefined rays as an input, eachtisémrepresented by a
position ortheaperture plane, a direction vector anhermaknergy All defined rays form a flux
distribution onthe aperture plane, and their intersectiavith the particle fim surfaceform the
flux distribution on theparticle film. To calculate the energy absorbed by a discrete surface for a
ray distribution, the average zenith angle of incoming raysi( ), or average incidence angle,
is to be estimated. Note that the sum of zenith and incidence angle is 90°. For this purpose, Eq.
(5-7) can be reformulated by also accounting for the zenith angléeh&ndase that rays carry

various thermal energy.
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Figure 5-19 (a) Particle film flow in CentRec simulation for a cavity diameter of 10¢a) Meshel particle film
surface The back yellow surface is the particle distributor and the fiionéd surface is the collector ring.

Thetotalnumber of rays strikingdiscretesurfacdas denoted by rNote that azimuth angle
of incoming rayshas no effectio bed absorptivity.  is calculated for each discrete surface
and defined with the respect to local coordinate system of each discrete surface, being located at
the center othediscrete surface.

One also needs a bed solid fractipn ( to estimatebed absorptivityas discussed in
Chaptel5.1.1.1 The solid fraction of each rectangufaism shaped volume can be calculated with
the methodology shown figure5-7. The| changes betweed 481 0.52 for the particles used
in the study but the bedolid fraction for each discrete volumg ( is already
calculated for the radiation penetration calculations thus those values are employecht biedi t
absorptivity for each discrete volume.

In order to find the directicdependent hemispherical reflection distribution, azimuth angle
(— ) and zenith anglé ( ) of each ray strikin@ discretesurfaceareutilized. These angles ar
also defined with respect tbelocal coordinate system of the surface on which they sthikinis
point, a special function needs to be defined for further calculations
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Acircshi fin MATLAB furectioh which arcularly shifts the elements in matrix
AAO by fAko posi ti oBysneandobtmsdundtiditeer d f measiYon mat r i

can be expressed for amgomingray with calculated— andf , as follows
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Y pordme g b — K (510

In Eq.(5-10), firstly, t he gener al Yor efsl ercévdidicne doratriyr i x fi
incoming rayzenith anglef( ) and then circularly shifted to any azimuth angle () to tailor it
for anyincomingray azimuth angle- ). For examplefor — = 200°, the matrixY dfi
should be circularly shifted by 20 because is 180°, in tle derivationcase shown inFigure
5-18 Becaus¢ and— should be itegervalues the real valugcan be rounded off to closer
integervaluee The refl ection matV¥iox hfaosr dainnye nisnicoonnsi nogf |
that the first di mensioa asdt hbtherefldetedeaniniuthid s z e n |
angleo.n Each el ement i nto thendensity af treflacted rafear the e s p 0 n ¢
corresponding and— . Thus, the sum of elements of mati¥x is 1. Then, the reflection
matrix Y ofor any discrete surfaewh i ¢ h fino nstrikedsecalculatdd afllaws.s

Y Op | Y (5-11)

The energy carried bihe'Q ray is denoted b 8By summing uphe reflectedenergy
weighted reflection mawri ¢che def Ve dieldarn @aa o fio
discrete surface can be found. In this formulation, there are two msiimationsFirstly, it is
assumed that when a ray strikes the film, a portion of its energy ( ) is absorbed by
the film and the remaining energy | is reflected. Secondly, the reflectioha
ray is hemispherical, being densityeighted. Thus, the rays are not tracked individually like in
MCRT, instead a direicin | dependent hemispherical reflection from a discrete surface is found
for a given ray distribution.

By finding 'Y , onecan calculate how much portion tife energy is reflected to any
azimuth and zenith anglén the next step, the reflected radiation is to be distributed to the other
discrete surfaces forming the particle film, particle distributor, collector ring aartuag, shown
in Figure 5-19(b). Note thatfor the metallic surfaces and aperturds assumed that each is
comprised ofsingle surface.

Firstly, for a given discrete surface siaperture sizand cavity sizethe azimuth angle
and the zenith angle intervals for the rays emitted feosurface to each other surfaces are
computedby ray tracing To illustrate this, two representative discrete surfaceselested A
surface next tdhe particle distributor (bla surface inFigure 5-19(b)) and mid surface (violet
surface inFigure5-19(b)). In Figure5-20, the regions enclosed by correspiogdzenith angle and
azimuth angle intervals from these two surfaces to others are shitergeometric center of
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discrete surfacds considered fothe ray generation point. By creating such angle maps, it is aimed

for to determine which angle pair cosponds to which surface. For example, for zenith angle
interval of [0,1] and azimuth angle interval of [0,1], rays are emitted from the geometric center of

a discrete surface. The surface whiclargest portion oémittedrays hit to is saved into a map

mat rdiox @ hi s pr oc e dhecompleiesange of panaith erdnittf angles, and

the map matrix M with dimensions of 90 x 360 is obtained such that matrix elemelaisedref
correspondingliscrete surface The matrix M is also definefdr each discrete surface but not for
metallic surfaces or aperture plane because reflections from these surfaces are assumed to be
diffuse.

Finally, the reflection from any discrete surface, storether ef | ect i™Ma, mas r i Xx
distributed to ther surface thanks tothe map matrix fi0 0. For examplethe amount of energy
stored inY plp is reflected into the surface of whitdbelis savedn 0 pip . The procedure is
repeated foall angle couples arall discrete surfaces exposed ddes flux. By summing up energy
reflected from other discrete surfaces to a discrete surface, the net energy adisci@te surface
can be calculatedn the creation of matrices, angle intervals ofatéfound sufficient for the
accuracy but smallantervals can also be employed to further increase the accuNutg that
map matris @reated once in the beginning of t
cavity size and aperture siZ¢ot e t hat (oh¥ dmatvdd diease idef i ned f
discrete surface excluding the metallic surfaces anduapeihus, in the thermal code, another
dimension, accounting for the number of discrete surfaces, is added to matrices so all matrices have
dimension of 90 x 360 m, where m is the number of discrete surfaces.
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Figure 5-20 Representation akgions enclosed I®enith angle and azimuth angle intervals for rays emitted fggm
discrete surface next to particle distribufioy mid surface to all other surfaces. Black region, white region and gray
region represents angle intervals from these two surfadhe particle distributorthe collector ring andheaperture
plane, respectivelyThe colored regions show the intervals to other discrete surfaces.

For the particle type considered in this st@emissivity of 0.86 and bulk solid fraction of
0.5), the bed absorptivity of the particle film is aroundi 923 % for a representative incidence
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angle distribution seen frigure5-14. Thus, around ¥ 8 % of therays are reflected to other parts

of the cavity.If the energy is reflected tihe aperture back, it is directly considered as reflection
loss through aperturd.it is reflected taheparticle distributor othecollector ring, it is considered

as specular irradiation inthe longrange thermakmission model, discussed in Chapset.3
Because the surface of metallic parts is assumed as diffuse, there is no need to consider this portion
of energy inthe incidence anglelepadentreflection model. However, a large portion of energy
reflected after first strike hits other parts of the particle film. Even if all the reflected enesgy hit
the particlefilm again, the amount of second reflectiomm the particle filmis alwaysless than

1%, in most cases less than 0.586the incoming energy dhe aperture. Thugp save from the
computational burdencalculations for the second reflectiotreating negligible error, isot
repeatd Therefore, it may be assumed that all thergy reflected aftethe first strike is
completely absorbed at the second strike if the reflection is tovhedgarticle film again.
However, there is stitheneed forthe average zenith angfer the second strik distributethis

energy to the péicles because the radiation penetration model requires it. However, the rays are
not tracked after the first strike. To approximate the ray direction vector from a discrete surface to
another, a vector is formed between geometric centers of discreteesuifaen, the average zenith
angle for a second surface can be calculated by usinG-By.

The developed model has several pros and cons in terms of computational burden. Firstly,
matrices’Y and M deped on cavity dimensions and particle film thickness. Thus, if film
thickness changeduring operation, they need to be recalculated. However, the current study
focuseonsteadystate condition in terms of particle flow. Moreov¥r, is developedor a time
independent flux distribution on the particle surface. If flux condition chafgesneeds to be
recalculatedThe matrix R depends on bed solid fraction but for the relevant operational range of
CentRec application, it is always fouasl between 0.480.52 so deriving matrix R once is enough
for all conditions. At the beginning of the simulation, these matrices are found once. The main
advantage of the developed model is that it is pastialaber free so it can still be applied towe
large receiversThe flow diagram of all stegs depicted inFigure5-21.

To validate the developed model, a uniform flux of 3 MWimapplied to the aperture
plane. All rays havanincidence angle of 45° ohe aperture plane as showrFigure5-22. The
cavity dimension and particle size are listedaile5-1. For the validation study, the particle mass
flow rate and rotatiorspeed are arranged such that a film thickness pfs4dbtained. As film
thickness increases, the effective cavity diameter decreases. Then a smaller portion of the particle
film near the exit is not exposed to solar irradiation directly due to blocKae collector ring.
This fact may be important in the selectionagfroper size othe discrete surface because it is
assumed that all the irradiation striking a discrete surface is distributed uniformly. Thus, if a large
discrete surface size is considd, the flux may be distributed tioe particle film near the exit
uniformly although that part of the film is not exposed to the solar irradiation in reality.
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Figure 5-21 Theflow diagram of the refleadn model. The blue boxes are calculated in each time step while the
green boxes arealculated oncéor a given input parameter set.
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